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1.6. Abstroct 
An I n f r a r e d  Sensor  was developed f o r  t h e  FHWA a s  a  noncontac t ing  d i s -  
t a n c e  measuring d e v i c e  f o r  t h e  measurement of road  topography. T e s t s  of t h e  
s e n s o r  were conducted t o  q u a n t i f y  i t s  performance f o r  use  i n  a road pro- 
f i l o m e t e r  and r u t  depth  measurement system. D e t a i l e d  test r e s u l t s  a r e  
p r e s e n t e d ,  t o g e t h e r  w i t h  an  a n a l y s i s  of t h e  d i s t a n c e  measurement concept 
employed. S t a t i c a l l y ,  t h e  s e n s o r  l i n e a r i t y  i s  about  2% over  a  p l u s  and 
' minus one and one-half inch  displacement  range about  i t s  "zero1' o u t p u t  
I r e f e r e n c e  h e i g h t .  On s u r f a c e s  w i t h  c o n s t a n t  r e f l e c t i v i t y ,  i t s  accuracy i s  
about  2% a t  s u r f a c e  v e l o c i t i e s  up t o  60 mph. However, t e s t  r e s u l t s  a g r e e  
w i t h  t h e  t h e o r y  which p r e d i c t s  s h o r t  wavelength  d i s t a n c e  measurement e r r o r s  
when t h e  s e n s o r  i s  opera ted  over  s u r f a c e s  e x h i b i t i n g  r e f l e c t i v i t y  v a r i a t i o n 5  
w h i l e  i t  is  d i s p l a c e d  from i t s  "zero" ou tpu t  r e f e r e n c e  h e i g h t .  The r e s u l t s  
of q u a s i - s t a t i c  road t e s t s  demonstra te  t h a t  common road f e a t u r e s  e x h i b i t  
r e f l e c t i v i t y  v a r i a t i o n s  which produce measurement e r r o r s  on t h e  o r d e r  of 
one-quar ter  t o  one-half inch  a t  wavelengths  g e n e r a l l y  s h o r t e r  than  12 
i n c h e s ,  a l though  l o n g e r  e r r o r  wavelengths a r e  p o s s i b l e  f o r  c e r t a i n  
c o n d i t i o n s .  
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Background 
This report describes the results of analysis and tests of an IR 
(infrared) distance sensor developed for the Federal Highway Administration, 
FHWA, by the Southwest Research Institute [l]. The sensor is being evaluated 
for possible use in a vehicle-based system for high-speed (up to 60 mph) 
measurement of road surface profile and rut depth. Figure 1 provides a 
schematic view of the proposed measurement system, which may employ up to five 
vehicle-to-ground height sensors for measurement of rut depth in both 
travelled wheel tracks, simultaneously. In order to measure rut depth, the 
height sensors must operate with a total error less than 0.10 inch for static 
and slowly changing (long wavelength) displacements. Additionally, the 
sensors must be capable of measuring to a point lying outboard of the vehicle, 
as shown in the figure (hl and h5), to allow measurement of rut depth 
while the vehicle is driven over the travelled wheelpaths. For profile 
measurement, different requirements exist for the sensor accuracy and 
wavelength bandwidth. Measurement error should be no greater than 0.01 inch 
for wavelengths ranging from 0.5 - 5 ft, with larger errors permissible with 
longer wavelengths. 
For the desired operation of the profile and rut depth measurement system 
at highway speeds, the sensors must operate consistently and accurately as the 
vehicle bounces, pitches, and rolls in response to road roughness and other 
disturbances. Hence, the accuracy of the height sensors must be maintained 
over variations in height of several inches, and variations in its vertical 
orientation of several degrees. The sensor must also yield good measures as 
it is passed over actual road surfaces, independently of road color, 
reflectivity, and texture. 
The IR sensor is shown in Figure 2 .  The design provides voltage output 
proportional to height, relative to a zero-reference height of fourteen inches 
from the target surface. Displacement of the sensor from the zero reference 
height is detected by a triangulation technique, wherein an infrared 
Figure 1. Schematic view of the proposed rut depth and road profile 
measurement system, employing 5 distance sensors. 
Figure 2 .  The FHWA Infrared Distance Sensor. 
illuminated spot on the t a rge t  surface i s  imaged on a pa i r  of photocells 
viewing the spot from an angle of 35 degrees. When the sensor i s  displaced 
from the reference he ight ,  the spot image on the photocell  pa i r  moves so tha t  
the d i f f e r e n t i a l  power between the individual  c e l l s  va r i e s ,  while the t o t a l  
power remains the same. The d i f f e r e n t i a l  output i s  normalized by the t o t a l  
power, t o  remove the e f f e c t  of the ove ra l l  r e f l e c t i v i t y  of the road surface. 
Two pa i rs  of photocel ls  a r e  used, viewing the il luminated spot from opposite 
s ides ,  t o  cancel var ia t ions  of surface r e f l e c t i v i t y  within the spot ,  when 
ce r t a in  conditions are  met. 
In order t o  evaluate the s u i t a b i l i t y  of the I R  Sensor fo r  the p r o f i l e  and 
r u t  depth measurement system, ce r t a in  s t a t i c  and dynamic performance 
cha rac t e r i s t i c s  of the sensor were measured i n  the laboratory and on a var ie ty  
of ac tua l  road surfaces,  which have not been reported to  date .  Upon examining 
the t e s t  r e s u l t s ,  it  became c l ea r  t ha t  the I R  sensor did not perform nearly as  
wel l  a s  had been expected. The analyses of the sensor concept t ha t  had been 
reported e a r l i e r  [ I ]  were s tudied ,  and were seen t o  contain assumptions tha t  
may be u n r e a l i s t i c ,  given the intended uses of the sensor. 
The purpose of t h i s  report  i s  t o  document the t e s t s  and analyses of the 
sensor t h a t  were performed over the period October 1983 through January 1984 
a t  UMTRI. 
Bepor t Summary 
Even though the IR sensor i s  designed t o  cancel erroneous indicated 
height changes due t o  var ia t ions  i n  the r e f l e c t i v i t y  of the road surface,  
fu r the r  ana lys is  shows t h a t  complete cancel lat ion of these e f f e c t s  i s  possible  
only when the sensor i s  a t  the reference height (when the spot i s  centered on 
the photocell  pa i r s ) .  With the sensor displaced from the reference height ,  a 
s ign i f i can t  e r r o r  occurs as  the sensor passes over areas with changing 
r e f l e c t i v i t y .  This e r ro r  i s  proportional to  the magnitude of the r e f l e c t i v i t y  
change and t o  the amount the sensor i s  displaced from the reference height.  
This r e s u l t  was derived theo re t i ca l ly  and demonstrated i n  the laboratory,  
where a peak-to-peak output e r r o r  of one inch was measured fo r  a r e f l e c t i v i t y  
change of 8: 1. 
Even wi th  t h e  sensor  a t  t h e  re fe rence  h e i g h t ,  t h e  theory p r e d i c t s  
s i g n i f i c a n t  output  e r r o r s  i f  the  s u r f a c e  e x h i b i t s  unequal r e f l e c t i v i t y  i n  
d i f f e r e n t  d i r e c t i o n s .  ( I n  the  C a l i b r a t i o n  Manual f o r  t h e  sensor  (Appendix A), 
Southwest Research warns a g a i n s t  using a s u r f a c e  wi th  d i r e c t i o n a l  
r e f l e c t i v i t y ,  "such as  sand paper ," dur ing c a l i b r a t i o n .  ) 
In  the  l a b o r a t o r y  t e s t s ,  the  I R  sensor  exh ib i t ed  good performance i n  the  
measurement of s u r f a c e  he igh t  changes on the  order  of 0.25 inch ,  with a 
s u r f a c e  of uniform r e f l e c t i v i t y  , and a t  su r face  speeds from zero  t o  s i x t y  
mi les  per hour. In  s t a t i c  measurements, i t s  l i n e a r i t y  i s  about two percent 
f o r  displacements of +1.5 inches  from t h e  re fe rence  he igh t .  
Dynamic t e s t i n g  of t h e  I R  sensor  revealed a s i g n i f i c a n t  e r r o r  r e s u l t i n g  
from nonuniform s u r f a c e  r e f l e c t i v i t y ,  which was no t  p red ic ted  by t h e  theory.  
When a change i n  t h e  s u r f a c e  r e f l e c t i v i t y  passes  ac ross  the  I R  s p o t ,  a t  
s u r f a c e  speeds g r e a t e r  than about t e n  mi les  pe r  hour ,  a t r a n s i e n t  s i g n a l  
appears  on the  sensor  o u t p u t ,  wi th  a peak amplitude dependent on: 1)  the  
change ( r a t i o )  i n  r e f l e c t i v i t y ,  2 )  t h e  displacement of t h e  sensor  from the  
re fe rence  h e i g h t ,  and 3 )  the  s u r f a c e  v e l o c i t y .  While t h e  r e s u l t s  of t h e  
l abora to ry  t e s t s  presented i n  t h i s  r e p o r t  provide some i n s i g h t  t o  the  source 
of t h i s  problem, n e i t h e r  the  under ly ing cause nor a s o l u t i o n  has been 
determined. The s o l u t i o n  of t h i s  problem has been given a low p r i o r i t y ,  u n t i l  
the  more fundamental i s s u e s  have been addressed. 
Q u a s i - s t a t i c  t e s t s  on r e p r e s e n t a t i v e  road s u r f a c e s  have shown 
r e f l e c t i v i t y  v a r i a t i o n s  producing s i g n i f i c a n t  sensor  output  e r r o r s ,  with 
wavelengths up t o  about 10 inches ,  when the  sensor  i s  displaced from i t s  
r e fe rence  he igh t .  
This r e p o r t  i s  divided i n t o  s e c t i o n s  desc r ib ing  t h e  a n a l y t i c a l  work, 
r e s u l t s  of t h e  s t a t i c  t e s t i n g ,  r e s u l t s  of dynamic t e s t i n g ,  r e s u l t s  of t e s t  on 
a c t u a l  road s u r f a c e s ,  and d e s c r i p t i o n s  of some of t h e  e l e c t r o n i c  c i r c u i t  
c h a r a c t e r i s t i c s  t h a t  a r e  r e l e v a n t  t o  t h e  performance observed. The 
C a l i b r a t i o n  Manual, from the  Southwest Research I n s t i t u t e ,  i s  reproduced i n  
Appendix A. The r e s u l t s  of performing a r e c a l i b r a t i o n  of t h e  sensor ,  and a 
d i s c u s s i o n  of t h e  c a l i b r a t i o n  procedure and r e s u l t s ,  a r e  g iven i n  Appendix B. 
A few minor c i r c u i t  d e f i c i e n c i e s ,  which.were observed i n  t h e  process  of 
performing these  t e s t s ,  a r e  d iscussed both i n  t h e  r e p o r t  and, i n  more d e t a i l ,  
i n  Appendix B. 
2.0 SENSOR PEBFOBUNCE ANALYSIS 
An a n a l y s i s  of t h e  opera t ion of the  I R  sensor using the  same model 
employed by the  Southwest Research I n s t i t u t e  [ I ] ,  but  wi th  t h e  add i t ion  of 
d i r e c t i o n a l  r e f l e c t i o n  c o e f f i c i e n t s ,  shows t h a t  except f o r  very s p e c i a l  
cond i t ions ,  which a r e  not  n e c e s s a r i l y  s a t i s f i e d  by t y p i c a l  road s u r f a c e s ,  
nonuniform sur face  r e f l e c t i v i t y  can r e s u l t  i n  s i g n i f i c a n t  sensor output 
e r r o r s .  
2.1 Analytical Model 
The I R  Sensor model shown i n  f i g u r e  3 ,  d e p i c t s  a  columnated I R  
( i n f r a r e d )  l i g h t  source which provides a uniformly i l luminated c i r c u l a r  spot 
on a  f l a t  t a r g e t  su r face  with uniform r e f l e c t i v i t y .  This spot i s  imaged on 
two p a i r s  of r ec tangu la r  photocel ls  ( c e l l s  1 through 41, located symmetrically 
a t  an ang le ,  B ,  about a  v e r t i c a l  a x i s  passing through the  center  of t h e  spot .  
When the t a r g e t  su r face  i s  a t  the  re fe rence  d i s t a n c e ,  o r  reference  height  
(nominally 14 i n c h e s ) ,  corresponding t o  "0" output from the  sensor and 
ind ica ted  by s o l i d  l i n e s  i n  Figure 3 ,  the  spot  image i s  centered on each 
photocel l  p a i r  a s  shown. In t h i s  case  t h e  a reas  of t h e  spo t  imaged on each 
pho toce l l  (A1 through A4) a r e  equal .  That i s  A1=A2=A3=A4. When the 
t a r g e t  su r face  moves c l o s e r  t o  the  sensor ,  the  spo t  image moves toward 
pho toce l l s  2  and 4 a s  ind ica ted  by t h e  dashed l i n e s .  Of course ,  when the  
su r face  moves away from the  sensor ,  the  spot  image moves toward photocel ls  1 
and 3. A t  a l l  sensor  h e i g h t s ,  A1=A3 and A2=A4* 
The image of the  spot on t h e  pho toce l l s  i s  shown c i r c u l a r  i n  f i g u r e  3. 
Actual ly ,  the  spo t  image undergoes two d i s t o r t i o n s :  1) due t o  the  viewing 
ang le ,  B ,  t he  c i r c l e  would appear a s  an e l l i p s e ,  wi th  i t s  major a x i s  p a r a l l e l  
t o  the  d iv id ing  l i n e  between the  two pho toce l l s  i n  each p a i r ,  and with a  minor 
t o  major a x i s  r a t i o  equal  t o  the  cos ine  of the  angle ,  B ;  2 )  the  e l l i p s e  i s  
f u r t h e r  d i s t o r t e d  because one s i d e  i s  nearer  t o  the pho toce l l s  and the re fo re  
appears longer .  For t h i s  a n a l y s i s ,  the  spot  image i s  assumed t o  be c i r c u l a r  
i n  order  t o  s impl i fy  the  c a l c u l a t i o n  of the  spot a rea  imaged on each 
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Figure 3. Schematic representation of t h e  operation of the IR Sensor. 
p h o t o c e l l ,  and a l s o  t o  fo l low t h e  b a s i c  a n a l y s i s  presented by t h e  
Southwest Research I n s t i t u t e  [ 1 1. 
By des ign  the  sensor  ou tpu t ,  E, i s  def ined by, 
where E l ,  E2, E3, and E4 a r e  t h e  outputs  of t h e  pho toce l l s  1,  2 ,  3 ,  and 4  
r e s p e c t i v e l y ,  and G i s  a  s c a l i n g  cons tan t  o r  gain .  This des ign i s  intended t o  
produce an output  p ropor t iona l  t o  displacement d i s t a n c e ,  independent of 
changes i n  the  o v e r a l l  su r face  r e f l e c t i v i t y  and a l s o  independent of nonuniform 
r e f l e c t i v i t y  over the  i l lumina ted  su r face .  
The output  of each pho toce l l  i s  p ropor t iona l  t o  the  t o t a l  power reaching 
t h e  c e l l  from t h e  i l lumina ted  s p o t  on t h e  t a r g e t  su r face .  I f  t h e  pho toce l l s  
have equal  s e n s i t i v i t i e s  and a r e  l i n e a r  over the  range of power encountered,  
we have,  
E l  = kP1; E2 = kP2; E3 = kP3; and E4 = kP4, (2  
where P1 through P4 a r e  t h e  power reaching p h o t o c e l l s  1 through 4 ,  
r e s p e c t i v e l y ,  and k  i s  t h e  constant  of p r o p o r t i o n a l i t y  between i n c i d e n t  power 
and the  c e l l  output .  ( I n  t h e  a c t u a l  implementation of the  sensor ,  e l e c t r o n i c  
ga ins  a r e  ad jus ted  t o  make t h e  c o n s t a n t ,  k ,  e f f e c t i v e l y  equa l  f o r  a l l  c e l l s .  
P1 through P4 can be expressed a s :  
P1 = DAIR1 , P2 = DA2R2, P3 = DA3R3, and P4 = DA4R4, ( 3 )  
where D i s  t h e  I R  power d e n s i t y  over the  i l lumina ted  spo t  on the  t a r g e t  
s u r f a c e ,  and t h e  c o e f f i c i e n t s  R1 through R4 a r e  t h e  " e f f e c t i v e  average 
d i r e c t i o n a l  r e f l e c t i v i t i e s . "  The c o e f f i c i e n t  R1, f o r  example, i s  the  average 
r e f l e c t i v i t y  of t h e  t a r g e t  s u r f a c e ,  i n  t h e  d i r e c t i o n  of c e l l  1 ,  over t h e  
f r a c t i o n a l  a r e a  of t h e  i l lumina ted  s p o t ,  A1, t h a t  i s  imaged on c e l l  1. 
S u b s t i t u t i n g  t h e  express ions  from ( 3 )  and ( 2 )  i n t o  (1) , t h e  c o n s t a n t s ,  
k ,  and D ,  cancel  g iv ing ,  
As noted above, and ind ica ted  i n  f i g u r e  1 ,  when the  su r face  i s  f l a t  and 
d i s t o r t i o n  of t h e  c i r c u l a r  spot  i s  neg lec ted ,  
A1 = A3, and A2 = A4 * 
Making these  s u b s t i t u t i o n s  i n  ( 4 )  y i e l d s ,  
This express ion shows t h a t  t h e  sensor  output  i s  independent of t h e  d i r e c t i o n a l  
r e f l e c t i o n  c o e f f i c i e n t s  only f o r  t h e  s p e c i a l  case  where, 
S u b s t i t u t i n g  ( 7 )  i n t o  ( 6 )  g i v e s ,  
This i s  the  i d e a l  sensor  output  as repor ted by t h e  Southwest Research 
I n s t i t u t e ,  which i s  implemented i n  t h e  c i r c u i t r y  of the  I R  sensor  t o  produce 
an output .  
2.2 Theoretical Sensor Outputs 
The sensor  i s  c a l i b r a t e d  a g a i n s t  a r e fe rence  sur face  which has uniform 
r e f l e c t a n c e  ( t h a t  i s ,  R ~ = R ~ = R ~ = R ~ ) .  A l l  t a r g e t  su r f  aces  must s a t i s f y  t h e  
condi t ion given i n  equat ion ( 7 )  over t h e  f u l l  operat ing range of t h e  sensor ,  
i n  o rder  f o r  t h e  sensor  output  t o  a c t u a l l y  match equat ion (8)  without e r r o r .  
2.2.1 The Effect of Non-Uniform Directional Reflectance. 
Displacement of t h e  spo t  image from i t s  centered p o s i t i o n  on t h e  pho toce l l s  i s  
d i r e c t l y  p r o p o r t i o n a l  t o  the  displacement of the  sensor  from i t s  re fe rence  
height .  Thus the  a r e a  of the  spo t  imaged on each pho toce l l  can be ca lcu la ted  
a s  t h e  p a r t i a l  a r e a s  of a  c i r c l e  d ivided i n t o  two p a r t s  by a  cord. The 
equa t ions  r e q u i r e d ,  which were given i n  the  Southwest Research r e p o r t  [ I ] ,  a r e  
shown i n  Figure 4. The q u a n t i t y  (X) i n  the  f i g u r e ,  d e f i n e s  t h e  cord p o s i t i o n  
r e l a t i v e  t o  a  p a r a l l e l  l i n e  pass ing through the  c e n t e r  of t h e  c i r c l e .  
Therefore ,  X ,  i s  p ropor t iona l  t o  the  displacement of t h e  sensor  from i t s  
r e fe rence  he igh t .  With these  equat ions  d e f i n i n g  the  a r e a s  A1 through A h ,  
equat ion ( 6  ) was evaluated f o r  s e v e r a l  s p e c i f i c  r e f l e c t i o n  c o e f f i c i e n t  r a t i o s .  
The a r b i t r a r y  s c a l i n g  f a c t o r ,  G ,  was s e t  equa l  t o  one. The r e s u l t s ,  p l o t t e d  i n  
f i g u r e  4 ,  show t h a t  t h e r e  i s  a  p o t e n t i a l  f o r  s i g n i f i c a n t  e r r o r s  on the I R  
sensor  output  due t o  nonuniform s u r f a c e  r e f l e c t i v i t y .  
The curve i n  Figure 4  pass ing through the  o r i g i n  i s  the  i d e a l  sensor  
ou tpu t  obta ined when t h e  cond i t ion  given i n  equa t ion  ( 7 )  i s  s a t i s f i e d .  That 
i s  when (R1+R3)=(R2+R4). Because the  i l lumina ted  spo t  i s  c i r c u l a r ,  t h e  
output  i s  not  a  p e r f e c t l y  l i n e a r  func t ion  of the  spo t  displacement.  
Nonetheless,  i t  i s  reasonably l i n e a r ,  t o  wi th in  about one p e r c e n t ,  f o r  values  
of X/r from -0.5 t o  +0.5. ( A  rec tangu la r  i l lumina ted  spo t  i s  shown l a t e r  t o  
produce a  l a r g e r  u s e f u l l y  l i n e a r  range.)  The t h r e e  curves  i n  f i g u r e  4 ,  
r ep resen t ing  cases  where (R1+R3) i s  no t  equal  t o  (R~+R/,), show an o f f s e t  
from the  i d e a l  output  f o r  a  g iven value  o f ,  X / r ,  and a  decrease  i n  the  output  
l i n e a r i t y .  Note t h a t  nonuniform t r a n s m i s s i v i t y  of the  p r o t e c t i v e  g l a s s  p l a t e  
i n  f r o n t  of the  p h o t o c e l l s ,  which can r e s u l t  from a n  accumulation of d i r t ,  i s  
equ iva len t  t o  nonuniform d i r e c t i o n a l  s u r f a c e  r e f l e c t i v i t y ,  and a l s o  causes a 
change i n  t h e  sensor  c a l i b r a t i o n  i n d i c a t e d  by the  curves  i n  f i g u r e  4. 
2.2.2 - The Effect of Transitions -- of the Surface Reflectivity. The 
cond i t ion  f o r  an i d e a l  sensor  ou tpu t  s t a t e d  i n  equat ion ( 7 ) ,  d e a l s  only wi th  
the  r a t i o s  of t h e  d i r e c t i o n a l  r e f l e c t i o n  c o e f f i c i e n t s  and not wi th  t h e i r  
a b s o l u t e  values .  Thus a  "dark" s u r f a c e  w i l l  produce t h e  same sensor  output  a s  
a  " l i g h t "  s u r f a c e ,  i f  both e x h i b i t  uniform r e f l e c t a n c e  such t h a t  
(R1+R3)/(R2+R4)=1. However, dur ing  t h e  t r a n s i t i o n  from a  l i g h t  t o  dark  
( o r  dark  t o  l i g h t )  s u r f a c e  seen by the  sensor ,  a s  the  s u r f a c e  passes  under i t ,  
t h i s  cond i t ion  i s  s a t i s f i e d  cont inuously  only when t h e  sensor i s  a t  i t s  "zero" 
re fe rence  h e i g h t ,  even though each s u r f a c e  i n  i t s e l f  e x h i b i t s  uniform 

d i r e c t i o n a l  r e f l e c t a n c e .  Because t h e  i l lumina ted  s u r f a c e  a reas  imaged on the  
pho toce l l s  (A1 through ~ 4 )  a r e  no t  equal  when t h e  sensor  i s  d i sp laced  from 
i t s  r e fe rence  h e i g h t ,  t h e  "e f fec t ive1 '  d i r e c t i o n a l  r e f l e c t i v i t i e s  do not  
s a t i s f y  t h e  required cond i t ion  dur ing the  t r a n s i t i o n .  This i s  simply 
i l l u s t r a t e d  by t h e  geometric cons t ruc t ions  shown i n  Figure  5 ,  r ep resen t ing  a  
band wi th  uniform r e f l e c t i v i t y ,  RN, moving ac ross  t h e  I R  s p o t ,  r ep lac ing  a  
s u r f a c e  wi th  uniform r e f l e c t i v i t y ,  Roe 
Figure 5a d e p i c t s  the  sensor  a t  i t s  r e fe rence  he igh t  and Figure 5b 
d e p i c t s  the  sensor  d isplaced from i t s  r e fe rence  he igh t .  In  Figures 5a and 5b 
t h e  edge of the  r e f l e c t a n c e  change i s  moving i n  t h e  d i r e c t i o n  of the  s h o r t  
a x i s  of t h e  I R  sensor .  From the  symmetry i n  Figure 5 a ,  i t  i s  obvious t h a t  t h e  
average r e f l e c t i v i t y  of t h e  spo t  a r e a s  imaged on each pho toce l l  a r e  t h e  same, 
a l though the  magnitudes change a s  t h e  band progresses  ac ross  t h e  spot.  This 
i s  shown by t h e  p l o t  of (R1+R3) vs  (R2+R4) a t  t h e  r i g h t  s i d e  of t h e  
Figure ,  where the  s lope  of the  curve i s  cons tan t  and equal  t o  1. However, i n  
5b t h e  edge of t h e  band i n f r i n g e s  on the  a reas  A2 and A4 before  i t  s t a r t s  t o  
e n t e r  the  a r e a s  A1 and A3. Thus, the  e f f e c t i v e  d i r e c t i o n a l  r e f l e c t i v i t i e s ,  
R, and R 4 ,  change be fo re  R1 and R3 s t a r t  t o  change and,  a s  shown i n  the  
p l o t  a t  the  r i g h t ,  (R1+R3) i s  not  equal  t o  (R2+R4), except when the  edge 
of t h e  band i s  a t  t h e  c e n t e r  of t h e  c i r c l e .  Because of t h i s  i n e q u a l i t y ,  an 
output  e r r o r  occurs a s  the  band moves a c r o s s  the  I R  spot .  Note t h a t  f o r  t h i s  
p a r t i c u l a r  s i t u a t i o n ,  t h i s  e r r o r  could be e l iminated by employing a  square o r  
r e c t a n g u l a r  I R  spo t  shape i n s t e a d  of t h e  c i r c u l a r  shape. Even wi th  the  sensor  
d i sp laced  from i t s  r e fe rence  h e i g h t ,  t h e  average r e f l e c t a n c e s  would be equa l ,  
s o  t h a t  the  r e f l e c t i o n  c o e f f i c i e n t s  would remain equal  and no output e r r o r  
would occur.  
The r e s u l t  i s  s i m i l a r  i n  the  case  of t h e  band edge moving i n  t h e  
d i r e c t i o n  of t h e  long a x i s  of the  sensor  a s  dep ic ted  i n  Figures  5c and 5d. 
However, t h e  maximum output  e r r o r  i s  l a r g e r  than i n  the  former c a s e ,  and the  
e r r o r  w i l l  occur even wi th  square  o r  r e c t a n g u l a r  I R  spot  shapes. I n  both 
cases  the  magnitude of t h e  e r r o r  i s  p ropor t iona l  t o  t h e  r e f l e c t a n c e  r a t i o ,  
RN/RO,  and t o  the  magnitude of the  sensor  displacement from i t s  r e fe rence  
he igh t .  
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Figure 5. Images seen by the IR Sensor during a step change i n  
surface ref1 ectivi  t y .  
2.2.3 Theoretical Error Magnitudes. Theore t i ca l  I R  sensor  outputs  
a r e  shown i n  Figure  6 f o r  the  case  of a s t r i p e  of width g r e a t e r  than the  I R  
spo t  d iameter ,  pass ing completely a c r o s s  t h e  I R  s p o t ,  and moving i n  the  
d i r e c t i o n  of t h e  long a x i s  of t h e  sensor .  That i s ,  i n  t h e  d i r e c t i o n  
represented i n  Figures 5c and 5d. The p l o t s  show t h e  in f luence  of two 
parameters;  1 )  t h e  normalized image spo t  displacement,  ~ / r ,  a s  defined i n  
f i g u r e  4 ;  and 2 )  t h e  r a t i o ,  RN/RO,  of t h e  s t r i p e  r e f l e c t a n c e  r e l a t i v e  t o  the  
background r e f l e c t a n c e .  Figure 6a d i s p l a y s  p l o t s  of the  sensor output vs t h e  
s t r i p e  p o s i t i o n  f o r  a r e f l e c t i o n  r a t i o ,  RN/RO = 5 ,  and s e v e r a l  values  of 
spo t  d isplacement ,  X / r .  The i d e a l  output  on these  p l o t s  f o r  a given value of 
X/r, i s  t h a t  g iven by the  s o l i d  curve i n  Figure 4 .  For X/r = +0.5, f o r  
example, the  i d e a l  output  from Figure 4 i s  -0.6. The maximum e r r o r  when X/r = 
+0.5 o r  -0.5 i s  almost 50 percent  of t h e  i d e a l  output .  The e r r o r  dec reases  t o  
zero  a s  X/r goes t o  zero .  Figure 6b d i s p l a y s  the  output  p l o t s  f o r  X/r = +0.5 
and -0.5 wi th  the  r e f l e c t i o n  r a t i o ,  RN/%, a s  a parameter. As t h e  
r e f l e c t i o n  r a t i o  dec reases  the  e r r o r  dec reases ,  and when RN/RO = 1 ,  the  
output  i s  f r e e  of e r r o r s  f o r  a l l  va lues  of X/r. Note t h a t  a r e f l e c t a n c e  
change pass ing under the  sensor  i n  the  d i r e c t i o n  of i t s  s h o r t  a x i s ,  but not  
covering the  whole spo t  a s  i t  p a s s e s ,  ( f o r  example the  band shown i n  Figure 5d 
moving a t  a r i g h t  angle t o  t h e  d i r e c t o n  i n d i c a t e d  by t h e  ar row),  w i l l  produce 
an e r r o r  ampl i tude,  dependent on i t s  p o s i t i o n ,  which can be read from the  
curves i n  f i g u r e  6. This would occur ,  f o r  example, when a painted l a n e  
d e l i n e a t i o n  s t r i p e  encroaches w i t h i n  the  i l lumina ted  I R  s p o t ,  a s  t h e  
vehicle-mounted sensor  t r a v e l s  down t h e  road. Rather than pass ing quickly  
under the  s p o t ,  t h e  s t r i p e  could remain p a r t - i n ,  part-out  f o r  some d i s t a n c e ,  
l ead ing  t o  a long wavelength e r r o r  of s i g n i f i c a n t  magnitude. 
R N / R o  = 5 
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NOTE: R N  = Reflectivity o f  stripe X = Relative Sensor height 
Ro = Reflectivity o f  background r = Radius of i l l  iuminated circle 
Figure 6. Theoretical response of the IR Sensor t o  a painted s t r ipe,  for several 
combinations of sensor height and s t r i  pe/background contrast. 
3.0 LBBORATOKY TESTS AND BESULTS 
Both q u a s i - s t a t i c  and dynamic t e s t s  of the  I R  sensor  were performed i n  
t h e  l abora to ry .  The dynamic test included s u r f a c e  speeds up t o  60 mph. While 
these  t e s t  r e s u l t s  g e n e r a l l y  agree  wi th  t h e  a n a l y s i s  presented above, they 
i n d i c a t e  a d d i t i o n a l  e r r o r s  which a r e  no t  ye t  f u l l y  explained.  After  observing 
these  e r r o r s ,  which a r e  descr ibed below, the  sensor  was r e c a l i b r a t e d  fol lowing 
t h e  procedures g iven i n  the  Southwest Research C a l i b r a t i o n  Manual (Appendix 
A), a s  d e t a i l e d  i n  Appendix B. The r e c a l i b r a t i o n  g e n e r a l l y  required only 
smal l  adjustment changes and produced no s i g n i f i c a n t  improvement i n  the  sensor 
performance. 
3.1 Quasi-static Tes t s  
Q u a s i - s t a t i c  t e s t s  of t h e  I R  Sensor were made wi th  the  sensor  mounted i n  
t h e  head of a  v e r t i c a l  m i l l ,  t hus  pe rmi t t ing  accura te  v e r t i c a l  displacement of 
t h e  sensor  wi th  i t s  re fe rence  (bottom) s u r f a c e  p a r a l l e l  t o  t h e  t a r g e t  su r face  
l ay ing  on t h e  m i l l  bed. Hor izonta l  t r a v e l  of t h e  t e s t  s u r f a c e  was provided by 
t h e  h o r i z o n t a l  displacement of t h e  m i l l  bed. 
3.1.1 Sensor Output v s  Displacement. The output  vs displacement 
curve shown i n  Figure 7  was made on an X-Y p l o t t e r  wi th  t h e  displacement 
s i g n a l  obtained from a  c a l i b r a t e d  s t r i n g  pot  connected between t h e  head and 
t h e  t a b l e  of the  m i l l .  The t a r g e t  s u r f a c e  was a  whi te  cardboard from a  
w r i t i n g  t a b l e t .  The zero  output  " reference  he igh t"  was 13.9 inches .  
Displacement from t h i s  r e fe rence  h e i g h t  i s  p l o t t e d  i n  Figure 7 ,  where a  
nega t ive  displacement i s  a  decrease  i n  sensor  he igh t  wi th  a  corresponding 
nega t ive  vo l t age  output  from the  sensor .  The output  i s  reasonably l i n e a r  f o r  
displacements from -1.75 inches  t o  +1.5 inches.  The curve i s  seen t o  be 
s l i g h t l y  asymmetric. In  o rde r  t o  observe the  e f f e c t  of a  r ec tangu la r  
i l lumina ted  spo t  on t h e  output  l i n e a r i t y ,  an approximately r e c t a n g u l a r  spo t  
was obta ined by t ap ing  a  one-half inch  wide s l i t  ac ross  the  I R  source  output  
l e n s ,  wi th  i t s  long a x i s  centered on t h e  long a x i s  of t h e  sensor .  The output  
curve ob ta ined ,  shown i n  Figure 8 ,  has  a  s l i g h t l y  d i f f e r e n t  ga in  ( s l o p e )  and 


a la rger  l i nea r  range (-2.5 inches t o  +2.0 inches) ,  than tha t  obtained with 
the c i rcu lar  spot. The asymmetry observed on both curves (Figures 7 and 81, 
suggest t ha t  the spot image i s  not per fec t ly  centered on the photocell pa i r s  
when the sensor i s  a t  the reference or zero-output height. However, other 
f a c t o r s ,  alone or i n  combination, can a l so  a f f ec t  the output symmetry: 
1. The I R  l i g h t  source i s  not per fec t ly  collimated. Therefore the spot s i ze  
changes with height from about 3.2 inches diameter a t  -2 inches 
displacement (12 inches height)  t o  3.6 inches diameter a t  +2 inches 
displacement ( 16 inches height) .  
2. The four photocells do n o t  have per fec t ly  uniform surface s e n s i t i v i t i e s .  
The manufacturer's data  sheet spec i f ies  a surface uniformity of 2 percent 
over the photocell  surface. 
3. The photocell  response i s  not l inear .  The manufacturer's data sheet 
spec i f ies  the photocell l i n e a r i t y  t o  be ten percent fo r  photocell output 
current up t o  200 microamps. 
4 .  The shape of the spot image on the photocell pa i r s  may be s l i gh t ly  
d i f f e r en t  due t o  s l i g h t  geometric asymmetry of the sensor s t ructure.  
3-1.2 Sensor Tilt Sensitivity. The s e n s i t i v i t y  of the sensor output 
t o  t i l t  or ro t a t ion  of the sensor,  around i t s  short  ax i s ,  was measured with 
the sensor mounted on the mill. Measurements were made with the sensor 
mounted a t  i t s  reference height (14 inches) above a dark-gray ta rge t  surface. 
T i l t  angles were s e t  by ro ta t ion  of the cal ibrated m i l l  head. Since the 
center  of ro t a t ion  was twenty seven and f ive  e ights  inches above the ta rge t  
surface,  ro ta t ion  a l so  caused a displacement of the sensor r e l a t i ve  t o  the 
surface. This displacement was calculated a t  each measurement angle and 
subtracted from the sensor output. The sensor output voltage was measured to  
an accuracy of .O1 vol t  with a d i g i t a l  voltmeter, and converted t o  inches by 
the sensor ca l ibra t ion  f ac to r  (3.5 vo l t s  per inch). The ti l t- induced e r ro r  vs 
t i l t  angle i s  tabulated i n  Table 1 ,  f o r  t i l t  angles from -10 t o  +10 degrees. 
A t  an angle of 4 degrees the tilt  e r r o r  i s  only .04 inches. However, a s  the 
tilt angle increases above 4 degrees, the t i l t  e r r o r  increases rapidly,  
TABLE 1 -- 
The e f f e c t  of Sensor T i l t ,  Combined with Small Displacements - -- --
From the Reference Height. --
T i l t  Sensor Calculated 
Angle Deg. Output in .  Height in .  
T i l t  
Error i n .  -- 
reaching about . 25  inches  a t  p l u s  o r  minus 10 degrees t i l t  angle.  
T h e o r e t i c a l l y ,  the  sensor should not  be s e n s i t i v e  t o  t i l t  around the  
s h o r t  a x i s  wi th  t h e  sensor  a t  the  re fe rence  height .  T i l t  around t h e  s h o r t  a x i s  
causes d i f f e r e n t  d i s t o r t i o n s  of t h e  spo t  image shape on one pho toce l l  p a i r  
compared t o  t h a t  on t h e  o t h e r  pho toce l l  p a i r .  However, a t  the  reference 
h e i g h t ,  the  t o t a l  power on each pho toce l l  should not  change wi th  t i l t  angle 
and the  sensor  output  should no t  change. When the  sensor  i s  d isplaced from 
the  re fe rence  h e i g h t ,  however, the  change i n  t h e  shape of t h e  image spo t s  
r e s u l t s  i n  a change i n  t h e  displacement c a l i b r a t i o n  of t h e  sensor.  Thus t h e  
measured t i l t  e r r o r ,  shown i n  t a b l e  1,  may have r e s u l t e d  from the  combined 
t i l t  and displacement i n  the  experiment. These measurements must be expanded 
i n  order t o  measure t h e  e f f e c t  of t ilt  only ,  and t i l t  combined wi th  
displacement of the  sensor from t h e  re fe rence  height .  
T h e o r e t i c a l l y ,  the  sensor  i s  l e s s  s e n s i t i v e  t o  r o t a t i o n  around i t s  long 
a x i s ,  i n  combination with displacement from the  re fe rence  h e i g h t ,  because t h e  
d i s t o r t i o n  of the  s p o t  image shape i s  t h e  same on both pho toce l l  p a i r s  and i t  
i s  symmetric about a c e n t e r l i n e  through the  spot  image p a r a l l e l  t o  t h e  
d iv id ing  l i n e  between the  pho toce l l s  i n  each pa i r .  Measurements need t o  be 
made t o  quan t i fy  t h i s  e r r o r  and determine t h e  range of t i l t  and displacement 
t o l e r a b l e  i n  a given a p p l i c a t i o n  of the  sensor.  
3.1.3 Sensor color sensitivity. The sensor  response t o  su r face  
r e f l e c t i v i t y ,  o r  co lo r  changes, was i n v e s t i g a t e d  using t h r e e  c o n t r o l  c o l o r s :  
dark-gray; l igh t -g ray ;  and white.  An ae roso l  spray p a i n t  was used t o  ob ta in  a 
uniformly t ex tu red  surface .  The p a i n t s  used were: 
Dark gray;  Krylon No. 1318, A l l  Purpose Gray Primer 
Light gray;  Dupli-color No. 1699, Gray Primer Sea le r  
White; Krylon, No. 1502, F l a t  white 
A f l a t  one e i g h t h  inch t h i c k  aluminum p l a t e  was painted dark-gray on both 
s ides .  A f i v e  inch wide band was painted l i g h t  gray on one s i d e  and white on 
the  o t h e r  s i d e .  This t a r g e t  su r face  was then placed on the  m i l l  bed under the  
sensor  and moved h o r i z o n t a l l y  under the  sensor with the  edge of the  "color" 
s t r i p e  moving perpendicular  t o  the  long a x i s  of t h e  sensor.  These a r e  the  
same cond i t ions  assumed f o r  the  t h e o r e t i c a l  p l o t s  shown e a r l i e r  i n  Figure 6. 
Figure 9 shows osc i l lographs  of t h e  sensor output  a s  the  co lo r  s t r i p e  passes 
under the  sensor  a t  t h r e e  d i f f e r e n t  sensor  he igh t s .  These composite t r a c e s  
were generated on a  s to rage  osc i l loscope ,  s o  t h a t  s e v e r a l  t r a c e s  could be 
compared on one osc i l lograph .  While the  v e r t i c a l  s e n s i t i v i t y  i s  the  same f o r  
each t r a c e  i n  the  osc i l lograph  (1.0 v o l t  per  d i v i s i o n  o r  0.268 inch per 
d i v i s i o n ) ,  the nominal vol tage  l e v e l  of each t r a c e  r e l a t i v e  t o  the  o t h e r s  i s  
no t  so  sca led .  The osc i l loscope  o f f s e t  c o n t r o l  was used t o  p o s i t i o n  the  
t r a c e s  so  they could be e a s i l y  compared. Obviously, these  a r e  not  
simultaneous time t r a c e s ,  but  r a t h e r  s e q u e n t i a l  time t r a c e s  s tored f o r  easy 
comparison. The h o r i z o n t a l  time base i s  2.0 seconds per  d iv i s ion .  The m i l l  
bed was moved h o r i z o n t a l l y  by hand, thus  the  su r face  v e l o c i t y  was not  
cons tan t ,  nor was it exac t ly  the  same f o r  each t r a c e ,  and t h e  hor izon ta l  s c a l e  
v a r i e s  between 4 and 6 inches  pe r  d i v i s i o n .  
In each o s c i l l o g r a p h ,  the  c e n t e r  t r a c e  i s  with the  sensor  a t  the  zero 
re fe rence  he igh t  of four teen  inches ,  t h e  rbp t r a c e  i s  wi th  the  sensor 
d isplaced p lus  one inch from the  re fe rence  he igh t  t o  a  he igh t  of f i f t e e n  
inches ,  and the  bottom t r a c e  i s  wi th  the  sensor d isplaced minus one inch from 
the  re fe rence  height  t o  a  he igh t  of t h i r t e e n  inches.  Figure 9a i s  with the  
l ight -gray s t r i p e  and Figure 9b i s  wi th  t h e  white s t r i p e ,  both on the  
dark-gray background. These output curves a r e  seen t o  be very  s i m i l a r  t o  t h e  
t h e o r e t i c a l  curves i n  Figure 6. While the  I R  spo t  i s  moving ac ross  the  co lo r  
change a  t r a n s i e n t  output i s  observed s i m i l a r  t o  t h e  t h e o r e t i c a l  p red ic t ions  
(Figure  6 ) .  For t h e  case of the  white s t r i p e  on the  dark-gray background, a  
peak t o  peak output  e r r o r  of about 0.97 inch occurs. With t h e  l ight -gray 
s t r i p e  the  e r r o r s  a r e  l e s s  than wi th  the  white s t r i p e  a s  predic ted  by t h e  
ana lys i s .  Even l a r g e r  e r r o r s  r e s u l t  f o r  displacements g r e a t e r  than the  p lus  
and minus one inch  i l l u s t r a t e d  i n  Figure 9. 
These p l o t s  were made with the Automatic Gain Control  (AGC) c i r c u i t  i n  
t h e  sensor  turned on. When repeated wi th  the  AGC turned o f f ,  only small 
changes i n  t h e  output  response were observed. 
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9a. Light-gray stripe on dark-gray background. 
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9b, White stripe on dark-gray background. 
* NOTE: All plots have been shifted vertically, to allow greater oscilloscope sensitivity. 
Trace amp1 i tudes are relative not absolute. 
Figure 9. Quasi-static response of the IR Sensor to a painted stripe, with the 
long axis of the sensor oriented in the direction of travel. 
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While the  t e s t  r e s u l t s  q u a l i t a t i v e l y  corroborate  t h e  type of behavior 
predic ted  t h e o r e t i c a l l y ,  t h e r e  a r e  some a d d i t i o n a l  e f f e c t s  not  accounted f o r  
by the  theory:  
1 .  A t  t he  re fe rence  he igh t  ( f o u r t e e n  i n c h e s ) ,  where p e r f e c t  co lo r  
c a n c e l l a t i o n  should r e s u l t ,  t h e r e  i s  a  r e s i d u a l  output  of about 0.04 
inches  f o r  the  l ight -gray s t r i p e  and about 0.09 inches  f o r  the white 
s t r i p e .  
2 .  A t  t h e  c e n t e r  p la teau  i n  the  waveforms, wi th  the  sensor  d isplaced from i t s  
r e fe rence  h e i g h t ,  when the  I R  spot  i s  f u l l y  on the  s t r i p e  the ouput should 
be the  same a s  when t h e  I R  spo t  i s  on the  dark-gray. I n s t e a d ,  a  r e s i d u a l  
e r r o r  e x i s t s .  For example, t h e  r e s i d u a l  e r r o r  i s  about t h r e e  small  
d i v i s i o n s  o r  about 0.17 inch  i n  t h e  bottom t r a c e  i n  Figure 9b. 
3 .  The r e s i d u a l  e r r o r  i s  not symmetric f o r  p o s i t i v e  and negat ive  
displacements.  
Figure 10 shows osc i l lographs  of the  sensor output  f o r  the same 
cond i t ions  a s  i n  Figure 9a ,  but wi th  t h e  sensor  r o t a t e d  n i n e t y  degrees s o  t h a t  
the  edge of the  white s t r i p e  i s  o r i en ted  p a r a l l e l  t o  the  long a x i s  of the  
sensor ,  moving i n  t h e  d i r e c t i o n  of the  s h o r t  a x i s  of the  sensor.  This i s  the  
cond i t ion  depic ted  i n  Figure 5a and 5b. As predic ted  i n  the  d i scuss ion  of 
Figure 5 ,  the  output t r a n s i e n t  observed,  a s  the  s t r i p e  moves across  the  I R  
s p o t ,  i s  much smal ler  than i t  was f o r  the  o t h e r  o r i e n t a t i o n .  
3.2 Dynamic tests.  
h n a m i c  t e s t s  of the  I R  sensor  were performed wi th  a  67.5 inches  diameter 
drum r o l l e r  al lowing t a r g e t  su r face  v e l o c i t i e s  up t o  60 mph. The su r face  
inpu t  i s  i l l u s t r a t e d  i n  Figure 11. An e i g h t  inch  square rubber pad, 0.25 
inch t h i c k ,  was glued t o  the su r face  of the  drum t o  produce a  s t e p  inpu t  of 
su r face  he igh t .  The pad and the  drum r o l l e r  su r face  around the  pad were 
painted dark-gray, making a  uniformly r e f l e c t i v e  su r face  inc lud ing  the  pad. 
The painted a r e a  was 54 inches  long i n  the  d i r e c t i o n  of r o t a t i o n  of the  drum 
r o l l e r ,  and the  remainder of the  drum was bare s t e e l .  The leading edge ,of the  
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* NOTE: A1 1  p l o t s  have been s h i f t e d  v e r t i c a l l y ,  t o  a1 low g rea te r  osc i  1  loscope s e n s i t i v i t y .  
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Figure 10. Quas i - s t a t i c  response o f  the I R  Sensor t o  a  whi te  s t r i p e  painted 
on a  dark-gray background, w i t h  the shor t  ax is  o f  the sensor 
o r ien ted  i n  the d i r e c t i o n  o f  t r ave l .  
Figure 11 .  I1  1 ustration o f  the drum roller and t e s t  surface used 
for high speed dynamic testing of the IR Sensor. 
rubber pad was about 17 inches from the leading edge of the painted area. A 
white band, about 3 inches wide, was painted on the drum r o l l e r  about 18 
inches before the edge of the gray painted area i n  order t o  obtain a leading 
pulse on the sensor output f o r  an oscilloscope t r igger .  The sensor was 
mounted facing the drum surface,  with i t s  long ax is  p a r a l l e l  t o  the leading 
edge of the painted surface,  so t h a t  the leading edge of the painted surface 
and of the pad t raveled i n  the d i rec t ion  of the short  ax i s  of the sensor. 
This or ien ta t ion  was chosen t o  minimize the t r ans i en t  on the sensor output 
resu l t ing  from a color s t r i p e  passing the sensor,  as  demostrated i n  the 
ana lys is  and i n  the quasi-s tat ic  tes t ing .  
3.2.1 Height Change With No Reflectance or Color Change. Figure 12 -- 
shows osci l lographs of the sensor outputs obtained from the uniform dark-gray 
surface with a 0.25 inch s t e p ,  f o r  three nominal sensor heights of 13, 14, and 
15 inches,  and a t  three surface v e l o c i t i e s  of 6 ,  30, and 60 rnph. As i n  f igure  
9 ,  these a r e  composite storage scope t races .  A l l  the t races  have the same 
v e r t i c a l  s e n s i t i v i t y ,  as  i s  indicated i n  the Figure, and they a re  positioned 
with the osci l loscope o f f s e t  cont ro l  t o  obtain a convenient display. The 
horizontal  time base, f o r  each surface ve loc i ty ,  i s  selected t o  obtain the 
s p a t i a l  scal ing of 0.88 f e e t  (10.56 inches) per divis ion.  S ta r t ing  from the 
l e f t s i d e  of the osci l lographs and following the scope t r i gge r  pulse,  the 
inputs to  the sensor (see Figure 11) a re :  the bare s t e e l  of the drum; a change 
i n  the surface ref lectance as the I R  spot moves onto the gray painted surface;  
the gray painted surface;  the height change of the rubber pad; again the gray 
painted surface;  and again the bare s t e e l  surface. The indicated height 
change (one vol t  or 0.286 inch)  resu l t ing  from the 0.25 inch high rubber pad 
i s  f a i r l y  accurate a t  a l l  speeds. Nontheless, the height indicated i s  
s l i g h t l y  smaller a t  the sensor height of 15 inches than a t  the sensor height 
of 14 and 13 inches. (Note t h a t  the order of the t r aces ,  i n  terms of the 
sensor he ight ,  i s  reversed from tha t  i n  Figures 9 and 10). Although a t  the 
higher speeds, the height pulse becomes rounded a t  i t s  peak, due t o  the 
c i r c u i t  bandwidth, the peak amplitude i s  the same a t  60 mph as  a t  6 mph. 
A f a l s e  height change of about 0.3 inch i s  indicated between the bare 
s t e e l  surface and the gray-paint surface. The r e f l e c t i v i t y  of the bare s t e e l  
was determined t o  be only s l i g h t l y  grea te r  than t h a t  of the white paint used 
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* NOTE: All plots have been shifted vertically, to allow greater oscilloscope sensitivity. 
Trace amplitudes are relative not absolute. 
Figure 12. Dynamic response of the I R  Sensor to a raised pad (step change in height). 
i n  the t e s t s  fo r  color e f f e c t s  described above, but the color 
cancel lat ion here i s  not as  e f f ec t ive  a s  with the white paint .  We believe 
t h i s  i s  because of unequal d i r ec t iona l  r e f l e c t i v i t y  toward the four 
photocel ls ,  caused by minute grooves i n  the drum surface l e f t  by the machining 
operation when the drum was made. These grooves a re  small enough to  be 
completely f i l l e d  i n  by the paint  and thus do not show through on the painted 
surfaces.  Another s ign i f icant  fea ture  of the osci l lographs i n  Figure 12 i s  
the la rge  s igna l  overshoot a t  the s t e e l  t o  dark-gray paint t r ans i t i on  fo r  30 
and 60 mph surface speeds, when the sensor i s  displaced from i t s  reference 
height. The cause of t h i s  dynamic response e r ro r  i s  not yet  understood, but 
as  w i l l  be seen below, i t  can cause s ign i f i can t  e r ro r s  even with moderate 
surface r e f l e c t i v i t y  or color.changes. Note tha t  the t r ans i en t  e r r o r  i s  much 
smaller a t  the t r ans i t i on  from the dark-gray paint back onto the bare s t ee l .  
3.2.2 Reflectance Change -- With and Without - a Height Chanpe. The 
dynamic t e s t s  were repeated with a moderate color change added t o  the drum 
r o l l e r  surface.  The surface of the e ight  inch square, 0.25 inch high rubber 
pad, was painted light-gray and an e ight  inch square a rea ,  about 10 inches 
past the pad, was a l so  painted light-gray over the dark gray surface (see 
Figure 11). Oscillographs obtained with t h i s  surface a re  shown i n  f igure 13. 
Compared with the corresponding osci l lographs i n  Figure 12, a t  a surface speed 
of 6 mph, the color change i s  seen t o  have caused a percept ible  increase i n  
the amplitude of the pad height pulse. Also the l ight-gray square on the drum 
surface produces a percept ible  but i n s ign i f i can t  output. However, a t  surface 
speeds of 30 mph and 60 mph, s ign i f i can t  s igna l  d i s to r t i on  i s  apparent,  
pa r t i cu l a r ly  f o r  the sensor height of 13 inches. For the 13 inch height and 
60 mph, fo r  example, the l ight-gray surface area produces a peak-to-peak 
indicated height change exceeding 0.3 inch,  with the indicated height change 
of the 0.25 inch high pad being 0.48 inch,  an e r r o r  of almost 100 percent. 
The same t e s t s  were repeated with the l ight-gray areas of the previous 
t e s t  now painted white. The osci l lographs,  shown i n  Figure 14, ind ica te  even 
grea te r  e r ror .  Again the "worst case" occurred with the sensor height of 13 
inches,  with the white square on the drum surface producing an indicated 
peak-to-peak height change of more than one inch, and the indicated height of 
the 0.25 inch high pad a l so  being about one inch. Even a t  the zero reference 
height of 14 inches,  the e r ro r s  a re  about 0.3 inch. 
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F igure  13. Dynamic response o f  t h e  I R  Sensor t o  both  he igh t  change and moderate 
c o l o r  change (dark-gray / 1 i gh t -g ray ) .  
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4.0 THE IR SENSOR ELECTRONICS 
The asymmetry i n  the  sensor  outputs  i n  the  dynamic t e s t s ,  f o r  equal  p lus  
and minus displacements of t h e  sensor from i t s  r e fe rence  h e i g h t ,  suggest  t h a t  
the sensor  i s  not  proper ly  c a l i b r a t e d .  Having observed these  e f f e c t s ,  the  
sensor  was r e c a l i b r a t e d  following t h e  procedures recomended by the  Southwest 
Research I n s t i t u t e ,  and the  t e s t s  were repeated.  
4.1 Sensor Becalibration 
The r e c a l i b r a t i o n  d i d  not  so lve  the  problems, and i n  f a c t ,  the  
osc i l lographs  shown i n  Figures 9 through 14 were made a f t e r  the  r e c a l i b r a t i o n .  
(The q u a s i - s t a t i c  output  vs displacement cu rves ,  i n  Figures 7 and 8 ,  were made 
before  the  r e c a l i b r a t i o n . )  Some e f f o r t  was made t o  i n v e s t i g a t e  t h e  cause of 
the  observed dynamic behavior before  the  r e c a l i b r a t i o n  was performed, but  no 
s p e c i f i c  causes o r  s o l u t i o n s  were found. No s i g n i f i c a n t  improvements were 
r e a l i z e d  a s  a  r e s u l t  of the  r e c a l i b r a t i o n .  Only minor adjustments of the  
a v a i l a b l e  c o n t r o l s  were required t o  o b t a i n  the  recommended s i g n a l  values and 
waveforms given i n  the  c a l i b r a t i o n  procedure (Appendix A). 
Upon completing the  c a l i b r a t i o n  an o f f s e t  of about 0.2 v o l t s  remained on 
t h e  sensor  ou tpu t ,  where zero  output  was expected. This r e s i d u a l  o f f s e t  was 
found t o  r e s u l t  from unequal ga ins  i n  t h e  d i f f e r e n c e  a m p l i f i e r  t o  i t s  four  
i n p u t s ,  t h e  g a i n  t o  pho toce l l  i n p u t s  2 and 4 being 3.3 percent  g r e a t e r  than 
the  ga in  t o  pho toce l l  i n p u t s  1 and 3. 
An a l t e r n a t e  t o  the  p iebald  d i s k  procedure ( s e e  Appendix A), was appl ied  
t o  a d j u s t  the sensor  f o r  optimum c a n c e l l a t i o n  of su r face  r e f l e c t a n c e  changes, 
whi le  a t  i t s  re fe rence  height .  Adjustments of the  appropr ia te  c o n t r o l s  were 
made t o  minimize the  t r ack ing  e r r o r  between the  D.C. vol tages  from the  
pho toce l l  channels 1 and 4 ,  and between channels 2 and 3 ,  a s  a  dark-gray t o  
whi te  c o l o r  t r a n s i t i o n  was moved h o r i z o n t a l l y  under the  sensor ,  i n  the  
d i r e c t i o n  of i t s  long ax i s .  That i s ,  i n  t h e  d i r e c t i o n  t h e  sensor  i s  most 
s e n s i t i v e  t o  t r a n s i t i o n s  i n  su r face  r e f l e c t a n c e  (See Figure 5 ) .  Application 
of this procedure allowed the following observations: 
1. The sum and difference amplifiers and the analog divider do not contribute 
to the problem of imperfect cancellation of reflectance changes. 
2. The four photocell channels exhibit small differential nonlinearities. 
Thus perfect tracking between channels 1 and 4, and between channels 2 and 
3, necessary for perfect cancellation of reflectance changes at the 
reference height, cannot be obtained. The photocells are the most likely 
source of the nonlinearity. 
3. Optimum cancellation of reflectance changes, for this particular sensor, 
is obtained at a reference height of about fourteen and one eight inches, 
rather than fourteen inches. 
Data collected in peformance of the calibration procedures are presented and 
discussed in detail in Appendix B. 
The fact that the dynamic response of the sensor is good when there is no 
color change involved (see Figure 12), indicates the sum and difference 
amplifiers and the analog divider do not contribute to or cause the dynamic 
problem. The signal distortion causing the sensor output signal overshoot is 
believed to be present on the signals before they are processed by the sum and 
difference amplifiers. Oscillographs presented below support this theory. If 
true, the problem is caused either by the photocells or the circuitry between 
the photocells and the inputs to the sum and difference amplifiers. 
4.2 - The Automatic Gain Control (AGC). 
The (AGC) circuit in the IR sensor, controls the voltage applied across 
the infrared light emitting diode to increase the illumination on surfaces 
with low reflectivity, and thereby reduce variations of the power level 
incident on the photocells due to variations of the target surface 
reflectivity. The gain control signal, or voltage, is derived from the sum 
signal, that is from the output of the summing amplifier, which also is 
applied to the denominator input of the divider circuit. Ideally the AGC 
c o n t r o l s  t h e  l i g h t  output  of the  I R  d iode so  t h a t  t h e  t o t a l  power on a l l  four  
pho toce l l s  i s  cons tan t  f o r  a l l  su r face  r e f l e c t i v i t i e s .  Then, a s  the  sensor 
moves up and down from i t s  r e fe rence  he igh t  the  pho toce l l s  see  the  same range 
of power l e v e l s ,  r ega rd less  of the  abso lu te  su r face  r e f l e c t i v i t y .  Thus, the  
pho toce l l s  a r e  always opera t ing over t h e  optimum l i n e a r  range of t h e i r  
response curves.  It has been proposed, but not  confirmed, t h a t  the  dynamic 
response problem t r i g g e r e d  by su r face  r e f l e c t a n c e  changes may be due t o  
d i f f e r e n t i a l  n o n l i n e a r i t i e s  and/or response times between the  four  pho toce l l s .  
The imbalanced performance then produces a t r a n s i e n t  d i f f e r e n c e  between the  
pho toce l l  outputs  when a l a r g e  and rap id  change i n  power l e v e l  occurs. This 
theory i s  supported by the  f a c t  t h a t  the  s i g n a l  overshoot ,  occurr ing a t  high 
su r face  v e l o c i t i e s ,  changes wi th  s t a t i c  sensor he igh t  ( s e e  Figure 1 4 1 ,  which 
i s  d i r e c t l y  r e l a t e d  t o  the  nominal power l e v e l s  a t  t h e  photocel ls .  
The r e f l e c t a n c e  r a t i o  of the  white and dark-gray painted su r faces  used i n  
our t e s t s  i s  approximately 8 : l  a s  ind ica ted  by the  r a t i o  of the  outputs  of 
each pho toce l l  ( o r  the  sum s i g n a l )  when the  sensor i s  viewing one and then the  
o t h e r  c o l o r  while the  AGC i s  turned o f f .  With t h e  AGC turned on,  t h i s  r a t i o  
i s  reduced t o  about 1 .8 : l .  Because of t h i s  s u b s t a n t i a l  decrease  i n  the  
e f f e c t i v e  r e f l e c t a n c e  r a t i o  with t h e  AGC on,  a s i g n i f i c a n t  change i n  the  
dynamic response of the  sensor  i s  expected,  i f  the  above theory i s  t r u e ,  when 
the  AGC i s  turned on and o f f .  It w i l l  be shown below t h a t  such i s  not the  
case.  However, i t  i s  a l s o  shown below t h a t  the  AGC is  very slow ac t ing  and 
t h e r e f o r e  may not  have much e f f e c t  a t  the  h igher  s u r f a c e  speeds. 
The vo l t age  ac ross  t h e  I R  diode l i g h t  source i s  switched on and o f f  
(chopped) a t  a  5 k i l o h e r t z  r a t e .  The osc i l lographs  i n  f i g u r e  15 show the  
vo l t age  on the  cathode of the  diode r e l a t i v e  t o  the  anode (ground). Figure 
15a shows t h e  switching waveform, wi th  the  AGC o f f .  The diode l i g h t  source i s  
on when the  s i g n a l  i s  low o r  nega t ive ,  and t h e  l i g h t  output  i n c r e a s e s  a s  the  
vo l t age  i n c r e a s e s  i n  t h e  negat ive  d i r e c t i o n .  The r a t e d  t u r n  on and off  times 
of t h e  I R  d iode a r e  about 15 nanoseconds, much f a s t e r  than the  switching time 
of the  appl ied  waveform. Figure 15b shows the  same waveform, but with the  AGC 
on and a t  a  much slower osc i l loscope  sweep speed such t h a t  only the  envelope 
of the  waveform i s  seen. In t h i s  case  t h e  sensor i s  viewing the  s t e e l  su r face  
of the  drum r o l l e r  and the  dark-graylwhite t e s t  s u r f a c e ,  a s  i n  previous 
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osc i l lographs ,  wi th  a su r face  speed of 6 mph. The AGC inc reases  t h e  vol tage  
ac ross  the  d iode ,  thereby inc reas ing  i t s  l i g h t  ou tpu t ,  when the  sensor i s  
viewing the  dark-gray surface .  It then decreases  t h e  vo l t age  (and l i g h t  
ou tpu t )  when the  s t e e l  o r  white su r face  i s  under the  sensor .  The response 
time of the  AGC c i r c u i t  i s  about 0.1 second f o r  inc reas ing  the  diode vol tage  
and about .05 second f o r  decreas ing t h e  diode vol tage .  
4.2.1 - The E f f e c t  of AGC on t h e  Sensor Output. Osci l lographs  i n  
7--- 
Figure 16 a l low a comparison of the  sensor output  i n  response t o  the 
dark-graylwhite t e s t  p a t t e r n  on t h e  drum r o l l e r ,  wi th  the  AGC on and o f f ,  and 
a t  su r face  speeds of 6 and 30 mph. The top t r a c e  i n  these  osc i l lographs  is  
the  low l e v e l  of t h e  I R  diode vo l t age  ( s e e  f i g u r e  15b) ,  and the  bottom t r a c e  
i s  the  sensor output  wi th  the  sensor a t  i t s  zero re fe rence  he igh t  (14 inches) .  
These a r e  the  same cond i t ions  e x i s t i n g  f o r  t h e  c e n t e r  t r a c e  i n  Figure 14a (6 
mph) and 14b (30 mph), but  i n  Figure 16 the  v e r t i c a l  s c a l e  s e n s i t i v i t y  i s  
doubled t o  0.5 v o l t s  ( . I43 inch)  per  d i v i s i o n ,  and the  s i g n a l  p o l a r i t y  i s  
inver ted  i n  the  osc i l loscope .  Comparing the  sensor  output  t r a c e s  i n  Figures 
16a and 16b (6 mph), we see  t h a t  having the  AGC on o r  o f f  r e s u l t s  i n  only a 
smal l  change i n  the  shape and amplitude of t h e  pulse s i g n a l s  corresponding t o  
the  white 0.25 inch high pad and the  whi te  8 inch square su r face  a rea .  In 
Figure 16c (30 mph) t h e  waveforms f o r  t h e  AGC on and off  a r e  superimposed. 
Again only a smal l  e f f e c t  i s  seen. It w i l l  be shown below t h a t  the  slow 
a c t i n g  AGC causes considerable  d i s t o r t i o n  of t h e  i n d i v i d u a l  pho toce l l  s i g n a l s  
a t  the  h igher  su r face  speeds. However, s i n c e  the  sensor  output  i s  e s s e n t i a l l y  
the  same whether the  AGC i s  on o r  o f f ,  i t  i s  apparent  t h a t  the  AGC does not  
d i r e c t l y  cause t h e  overshoot on the  output s i g n a l  a t  the  h igher  speeds. 
4.2.2 The E f f e c t  of t h e  AGC on t h e  Photocell Outputs. The 
osc i l lographs  i n  Figure 17 and Figure 18 show the  four  pho toce l l  s i g n a l s  ( E l ,  
E2, E g ,  & E4) a s  they appear on the  t e s t  po in t s  a t  the  i n p u t s  t o  sum and 
d i f f e r e n c e  a m p l i f i e r s  (TP9, TP10, TP11, & TP121, with the  AGC on and o f f ,  and 
a t  d i f f e r e n t  s u r f  ace  speeds,  while the  sensor  i s  viewing the  dark-graylwhite 
t e s t  su r face  on the  drum r o l l e r  from t h e  re fe rence  he igh t  of 14 inches.  In  
Figure 17,  the  sensor output  ( t o p  t r a c e )  i s  shown along wi th  only two of the  
pho toce l l  outputs  (E3 and E 4 )  i n  order  t o  h e l p  the  reader  t o  c o r r e l a t e  the  
changes on the  sensor output  with the  changes on the  photocelL s i g n a l s .  The 
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F igu re  16. E f f e c t  o f  t h e  Automat ic  Gain Con t ro l  (AGC) c i r c u i t  
on t h e  o v e r a l l  sensor response. 
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Figure 18. Dynamic response of the photocells t o  color and height changes, 
with AGC on & off .  
speed i s  30 mph. Figure 17a i s  wi th  the  AGC turned o f f ,  and Figure 17b i s  
with the  AGC turned on. Note t h a t  t h e r e  i s  e s s e n t i a l l y  no change i n  the  
sensor  output  waveform when the  AGC i s  switched on and o f f ,  while the re  i s  a  
s u b s t a n t i a l  change i n  the  pho toce l l  output  waveforms. Figure 18 shows t h a t  
t h i s  waveform d i s t o r t i o n  i s  a  r e s u l t  of t h e  slow a c t i n g  AGC. 
Figure 18 d i s p l a y s  a l l  four  of the  pho toce l l  s i g n a l s  f o r  severa l  
d i f f e r e n t  speeds. The osc i l lographs  on the  l e f t  s i d e  of the  page a r e  wi th  the  
AGC turned on and those  on the  r i g h t  a r e  with the  AGC turned o f f .  Comparing 
t h e  two cases  a t  the  very low speed of 0.3 mph, Figures 18a and 18b, the  AGC 
i s  seen t o  opera te  " i n s t a n t l y , "  reducing the s i g n a l  l e v e l  without in t roducing 
d i s t o r t i o n .  However, Figures 18c ( 6  mph) and 18d (60  rnph), show t h a t  a t  the  
h igher  su r face  speeds with the  AGC on, the  delay i n  the  AGC s i g n a l  r e l a t i v e  t o  
the  pho toce l l  s i g n a l s  causes considerable  d i s t o r t i o n  of the  photocel l  s i g n a l s .  
With the  AGC turned off  the  pho toce l l  s i g n a l s  appear t o  be nea r ly  i d e n t i c a l  a t  
speeds of 0.3 mph (Figure  18b) t o  60 mph (Figure  18e). In Figure 18a, the  
amplitude of t h e  pu l ses  corresponding t o  the  0.25 inch he igh t  change a r e  
l a r g e r  on the  s i g n a l s  El and E3 than on the  s i g n a l s  E2 and E 4 ,  which causes 
t h e  he igh t  pulse  output  from the  sensor  seen i n  t h e  previous osc i l lographs .  
On t h e  o t h e r  hand, t h e  amplitudes of t h e  pu l ses  corresponding t o  the  co lo r  
change, with no he igh t  change, a r e  almost equal  and cancel  i n  t h e  d i f f e r e n c e  
c i r c u i t ,  thereby producing only the  smal l  output  change seen i n  previous 
osc i l lographs .  Very l i k e l y ,  an Instantaneous Automatic Gain Contol (IAGC) 
c i r c u i t  could be incorporated i n  the  sensor (poss ib ly  t h e  speed of t h e  present  
c i r c u i t  could be s u f f i c i e n t l y  i n c r e a s e d ) ,  s o  t h a t  t h e  Automatic Gain Control 
would not  d i s t o r t  t h e  pho toce l l  s i g n a l s  a t  speeds up t o  60 mph, j u s t  a s  the  
p resen t  AGC c i r c u i t  does not  d i s t o r t  t h e  s i g n a l s  a t  very low speeds. Since i t  
was j u s t  shown t h a t  the  d i s t o r t i o n  of the  pho toce l l  s i g n a l s ,  by the  slow 
a c t i o n  of the  AGC, does not  s i g n i f i c a n t l y  in f luence  the  dynamic response of 
the  sensor ,  i t s  incorpora t ion  i n  the  sensor i s  not  j u s t i f i e d  f o r  t h i s  reason. 
However, i f  t h e  dynamic response problem indeed r e s u l t s  from the  opera t ion  of 
t h e  pho toce l l s  over a  very l a r g e  dynamic range,  a s  proposed above, t h e  
incorpora t ion  of the  Ins tantaneous  Automatic Gain Control  could y i e l d  an 
improvement i n  the  dynamic performance problem. 
4.3 The Sum, Difference, Divider Circuits. 
The oscillographs in Figure 19 show the difference amplifier output (top 
trace), the sum amplifier output (center trace), and the sensor output (bottom 
trace), with the AGC off, at surface speeds of 6 mph (Figure 19a), 30 mph 
(Figure 19b), and 60 mph (Figure 19~1, and with the sensor at its reference 
height of 14 inches. Note that the sensor output signal has been inverted in 
the oscilloscope, consequently its polarity is reversed compared to other 
oscillographs of the same signal shown previously (Figure 17 for example). As 
has been shown previously (Figure 14) these oscillographs show an overshoot on 
the sensor output at the higher speeds, which increases in amplitude with 
speed. Figures 19b and, particularly Figure 19c, reveal where this overshoot 
is generated, but not necessarily the cause. In figure 19c a definite time 
delay can be seen between the sum signal and the difference signal, which 
results in the overshoot on the output when the signals are divided. However, 
it is not obvious that the time delay of the difference signal is generated by 
the difference amplifier. Consider the following: 
1. If the time delay is inherent in the difference amplifier we could expect 
the overshoot on the output to change noticeably because of the signal 
distortion (change in frequency content) on the input signals when the AGC 
is turned on. (See Figures 18d and 18e). Such a change is not observed. 
(See Figure 16c.I 
2. The time delay should also occur on the difference signal when there is a 
height change on the target surface with no color change, and the output 
should exhibit an overshoot for this condition. It does not. (See Figure 
12.) 
3. If the difference amplifier is generating the time delay the overshoot 
should be about the same on the output signals obtained with plus and 
minus displacements of the sensor from its reference height. This is not 
the case. (See Figure 14. ) 
Investigation into the cause of the poor dynamic performance of the IR 
sensor will be continued only if a decision is made to attempt to apply the 
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Figure 19. Sum and difference amplifier outputs and sensor output 
at three surface speeds. 
sensor in the profilometer/rut-depth measurement system, despite its other 
deficiencies. This decision will be based primarily on the results of 
quasi-static tests performed on actual road surfaces, which are reported 
below. 
5.0 QUASI-STATIC W A D  TEST AND RESULTS 
Q u a s i - s t a t i c  t e s t s  of t h e  I R  Sensor were performed on a v a r i e t y  of r e a l  
road s u r f a c e s ,  r e p r e s e n t a t i v e  of road s u r f a c e s  over which t h e  device  should 
opera te .  I n  t h i s  s e c t i o n ,  t h e  t e s t  procedures and equipment used a r e  
desc r ibed ,  the  road s u r f a c e s  used i n  t h e  t e s t s  a r e  i l l u s t r a t e d ,  and the  d a t a  
p l o t s  obta ined a r e  presented.  A quick check on the  s e n s o r ' s  temperature 
s e n s i t i v i t y  and t i l t  s e n s i t i v i t y  was made, and a l s o  i s  descr ibed here .  
5.1 Instrumentation Methodology 
A t e s t  f i x t u r e ,  shown i n  Figure 20, was designed and f a b r i c a t e d  f o r  t h i s  
purpose. The t e s t  f i x t u r e  c o n s i s t s  of an aluminum angle  frame wi th  r a i l s ,  on 
which a c a r r i e r  r o l l s  above t h e  pavement. The I R  sensor  s i t s  on the  c a r r i e r ,  
. . 
o r i e n t e d  e i t h e r  p a r a l l e l  o r  perpendicular  t o  the  d i r e c t i o n  of t r a v e l .  
P rec i s ion  spacers  permit quick adjustment of t h e  sensor  h e i g h t  above the  road. 
A s t r i n g  pot  t ransduces  the  h o r i z o n t a l  motion of t h e  c a r r i e r ,  s o  t h a t  a p l o t  
of t h e  i n d i c a t e d  road su r face  h e i g h t  v a r i a t i o n s ,  from t h e  I R  Sensor,  vs 
h o r i z o n t a l  p o s i t i o n  can be made on an X-Y p l o t t e r .  The recording equipment, 
located i n  the  r e a r  of t h e  van used f o r  t h e  road t e s t ,  can be seen i n  Figure 
20. In  o rde r  t o  o b t a i n  a p l o t  of t h e  " t r u e  road inpu t , "  t h e  I R  Sensor i s  
replaced by a s u r f a c e  fo l lower  dev ice ,  t ransduced by a s t r i n g  pot.  This 
device  i s  shown i n  Figure  21. A t h r e e  inch  diameter wheel r e s t s  on and 
fol lows the  s u r f a c e  a s  the  c a r r i e r  i s  slowly r o l l e d  a long the  r a i l s .  
The r e s u l t s  of t e s t s  of t h e  I R  sensor  obta ined with t h i s  device  ( t h a t  i s  
the  X-Y r ecorder  p l o t s ) ,  on a v a r i e t y  of road s u r f a c e s ,  a r e  shown i n  t h e  
Figures t h a t  follow. A photograph of each t e s t  s u r f a c e  i s  a l s o  shown. The 
p l o t s  appear ing on t h e  X-Y r ecorder  c h a r t  obta ined f o r  each road su r face  a r e  
organized a s  fo l lows  ( s e e  Figure  23 f o r  an  example): 
- The uppermost p l o t  i s  the  " t r u e  road s u r f a c e  input ' '  a s  transduced by the  
road su r face  fo l lower  wheel. The v e r t i c a l  s c a l e  i s  0.025 inch per smal l  
c h a r t  d i v i s i o n .  
Figure 20. The t e s t  f ix ture  used for  road t e s t s  of the IR Sensor, 
and the d a t a  recording instrumentation. 
Figure 21. The road follower device used t o  measure the true 
road profi le .  
- The t h r e e  c e n t r a l  p l o t s  a r e  the  I R  sensor  output  a t  t h r e e  he igh t s .  The 
middle sensor-ouput-plot i s  wi th  the  sensor  nominally located a t  i t s  zero  
output  r e f e r e n c e  he igh t .  The o t h e r  two sensor-output-plots  a r e  with the  
sensor  d i sp laced  p r e c i s e l y  p lus  one inch (up)  and minus one inch (down) from 
t h i s  he igh t .  Height changes were made by p lac ing  p r e c i s i o n  spacers  between 
the  sensor  and t h e  c a r r i e r  on which i t  r e s t e d .  The v e r t i c a l  s c a l e  i s  0.025 
inch  per  smal l  c h a r t  d i v i s i o n .  
- The two p l o t s  a t  the  bottom of t h e  c h a r t s  a r e  the  sensor  SUM a m p l i f i e r  
output v o l t a g e ,  one with the  AGC turned on,  and the  o t h e r  with the  AGC 
turned o f f .  These p l o t s  show t h e  r e l a t i v e  r e f l e c t i v i t i e s  of t h e  va r ious  
t e s t  su r faces .  
- The h o r i z o n t a l  s c a l e  of a l l  the  p l o t s  i s  4 inches  per  major c h a r t  
d i v i s i o n .  
5.2 Road Test Data. 
The road t e s t s  agreed wi th  the  l abora to ry  t e s t  i n  t h a t :  1 )  on smooth 
s u r f a c e s  wi th  uniform r e f l e c t a n c e ,  t h e  sensor  i s  accura te  and l i n e a r ,  wi th in  
about 0.02 i n c h ,  wi th  displacements of the  sensor  from t h e  re fe rence  he igh t  up 
t o  p lus  and minus one inch ;  and 2 )  su r face  r e f l e c t a n c e  v a r i a t i o n s ,  due t o  
roughness and/or  changes i n  the  o v e r a l l  s u r f a c e  r e f l e c t i v i t y ,  produce 
s i g n i f i c a n t  e r r o r s  a t  the  sensor  output  when the  sensor  i s  d i sp laced  from t h e  
r e f e r e n c e  he igh t .  In t h e  worst  case  measured, a t r a n s i t i o n  from PCC t o  new 
a s p h a l t  produced a peak e r r o r  of about 0.5 inches  wi th  the  sensor  d isplaced 
e i t h e r  p l u s  o r  minus one inch from i t s  r e fe rence  he igh t .  S i m i l a r l y ,  an o i l  
s p o t  produced an e r r o r  of 0.23 inch ;  cracked a s p h a l t ,  an e r r o r  of 0.2 inch ;  a 
yellow marker s t r i p e ,  an  e r r o r  of 0.35 i n c h ;  a t a r  j o i n t  i n  PCC, an  e r r o r  of 
0.45 i n c h ;  and an old  su r face  t r e a t e d ,  but  smooth s u r f a c e ,  produced an e r r o r  
of 0.13 inch.  The wavelength of t h e s e  e r r o r s  i s  t y p i c a l l y  two t o  e i g h t  
inches .  Because of the  amplitude and asymmetry of the  e r r o r  waveform i t  may 
be impossible  t o  f i l t e r  the  s i g n a l  so  a s  t o  achieve accura te  p r o f i l e  
measurements f o r  wavelengths s h o r t e r  than one and poss ib ly  two f e e t .  
Unless noted o the rwise ,  a l l  of t h e  sensor  output  p l o t s  were made wi th  the  
sensor  moving i n  t h e  d i r e c t i o n  of i t s  long a x i s ,  and wi th  t h e  AGC turned on. 
The SUM a m p l i f i e r  output  p l o t ,  wi th  t h e  AGC turned o f f ,  was made t o  show t h e  
r e l a t i v e  magnitudes of s u r f a c e  r e f l e c t i v i t i e s .  
Painted Concrete. A smooth painted concrete  t e s t  s u r f a c e  
( l a b o r a t o r y  f l o o r ) ,  i s  p ic tu red  i n  Figure  22. The d a t a  p l o t s  f o r  t h i s  
s u r f a c e  a r e  shown i n  Figure 23. Color v a r i a t i o n s  i n  the  s u r f a c e  account f o r  
the  s l i g h t  r i p p l e  on the  sensor  output  p l o t s  f o r  p l u s  and minus one inch 
displacement.  Over t h i s  range,  t h e  sensor  i s  i n  agreement wi th  t h e  s u r f a c e  
fo l lower  wi th in  about 0.025 inches.  Because the  SUM a m p l i f i e r  ouput i s  the  
sum of the  ou tpu t s  of a l l  four  p h o t o c e l l s ,  i t  does not  show t h e  same r i p p l e  
frequency t h a t  appears on the  sensor  output .  
Color Tes t  Pa t t e rn .  Figure 24 shows a smooth dark-gray, --
l igh t -g ray ,  whi te  t e s t  p a t t e r n ,  which was painted wi th  the  same c o l o r s  used i n  
t h e  l a b o r a t o r y  t e s t  descr ibed previously .  P l o t s  obtained wi th  t h i s  t e s t  
s u r f a c e  a r e  shown i n  Figure 25 and Figure  26. Figure 25  i s  wi th  the  sensor  
moving i n  the  d i r e c t i o n  of i t s  long a x i s ,  and Figure 26 i s  wi th  the  sensor  
moving i n  t h e  d i r e c t i o n  of i t s  s h o r t  a x i s ,  t h a t  i s ,  t h e  o r i e n t a t i o n  shown i n  
Figure 2 4 .  These t e s t s  were made f o r  comparison wi th  t h e  previous l a b o r a t o r y  
t e s t ,  and the  r e s u l t s  a r e  seen t o  be e s s e n t i a l l y  the  same a s  i n  those  t e s t s  
( s e e  f i g u r e s  9  and 10). 
O i l  Spot on PCC. A "na tu ra l "  o i l  spo t  on a PCC s u r f a c e  i s  shown i n  - --
Figure 2 7 .  Figure  28 shows t h e  sensor  ou tpu t s  f o r  t h i s  s u r f a c e  cond i t ion .  
A t  t h e  r e f e r e n c e  he igh t  t h e  sensor  ouput agrees  with t h e  s u r f a c e  fo l lower  
measurement w i t h i n  0.025 i n c h ,  but wi th  t h e  sensor  d i sp laced  from t h i s  he igh t  
by p lus  o r  minus one i n c h ,  t h e  sensor  ouput has a peak e r r o r  of 0.23 inch  
Old Cracked Asphalt.  Figure 2 9  shows an old  and cracked a s p h a l t  -
road s u r f a c e  wi th  mois ture  i n  t h e  cracks .  The sensor  o u t p u t ,  shown i n  Figure 
30,  has  a maximum e r r o r  of about 0.2 inch.  The su r face  " t ex tu re"  shown by the  
I R  sensor  a t  t h e  re fe rence  h e i g h t  i s  d i f f e r e n t  from t h a t  shown by t h e  s u r f a c e  
fo l lower  because t h e  sensor  tends  t o  average over t h e  i l lumina ted  a rea .  The 
cha lk  marks seen on the  s u r f a c e  were made a f t e r  ob ta in ing  t h e  sensor  output  
F i g u r e  22. The conc re te  ( l a b o r a t o r y  f l o o r )  t e s t  sur face  f o r  t h e  p l o t s  
appear ing  i n  F i g u r e  23, 







Figure 2 3 .  The IR Sensor response on t h e  smooth concrete surface shown 
i n  Figure 22 .  
Figure 24. A dark-gray, l igh t -g ray ,  and white t e s t  surface fo r  the  p lo t s  
appearing in Figures 25 and 26. 
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'he I R  Sensor response on t h e  dark-gray ,  l i g h t - g r a y ,  
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F i g u r e  26. The I R  Sensor response t o  t h e  dark -g ray ,  1 i g h t - g r a y ,  and w h i t e  
t e s t  su r f ace  shown i n  F i g u r e  24. The Sensor was moved i n  t h e  
d i r e c t i o n  o f  i t s  s h o r t  a x i s .  
Figure 27. PCC with an o i l  spot ,  the t e s t  surface used for the plots 
appearing in Figure 28. 
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Figure 28. The IR Sensor response to an oil  spot on P C C .  The surface 
i s  shown in Fi uure 2 7 .  
Figure 29. Old and cracked asphalt,  the t e s t  surface for  the plots 
appearing in Figure 30, 
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Figure 30. The IK Sensor response to  the o l d ,  cracked asphalt surface 
in Figure 29. 
p l o t s .  These marks i n d i c a t e  the  a r e a  scanned by the  sensor .  
A Yellow Marker Stripe on Old Asphalt. A t e s t  s u r f a c e  of o l d ,  but  - --
f a i r l y  smooth, a s p h a l t  wi th  a yellow painted marker s t r i p e  i s  shown i n  Figure 
31. This s u r f a c e  produces a maximum sensor  e r r o r  of about 0.35 i n c h ,  a s  seen 
i n  Figure 32. A t  t h e  re fe rence  he igh t  the  e r r o r  i s  about .025 inch. 
Dry ---- PCC and Wet PCC. Figure 33 shows a f a i r l y  smooth PCC s u r f a c e  
wi th  a very t h i n  f i l m  of water on one ha l f  of t h e  t e s t  s e c t i o n .  The d a t a  
p l o t s  a r e  shown i n  Figure 34. On t h e  dry  PCC t h e  sensor  output  agrees  wi th  
the  s u r f a c e  fo l lower  measurement wi th in  about 0.025 i n c h ,  however on t h e  wet 
PCC a l l  t h r e e  sensor  output  p l o t s  have a s l i g h t  b i a s  of about ,025 inch i n  t h e  
p o s i t i v e  d i r e c t i o n  compared wi th  t h e  s u r f a c e  fo l lower .  The SUM a m p l i f i e r  
o u t p u t ,  wi th  t h e  AGC turned o f f ,  shows only a very smal l  change i n  the  o v e r a l l  
r e f l e c t i v i t y  between t h e  dry  and wet s u r f a c e ,  i n d i c a t i n g  the  s h i f t  on the 
sensor  output  may be due t o  a change i n  the  d i r e c t i o n a l  r e f l e c t i v i t y  of t h e  
s u r f a c e  when wet compared t o  dry.  During the  t r a n s i t i o n  from the  dry t o  wet 
s u r f a c e  a peak e r r o r  of about 0.08 i n c h  occurs.  
Surface Treatment. The s u r f a c e  shown i n  Figure 35 i s  
c h a r a c t e r i s t i c  of an  a s p h a l t  s u r f a c e  wi th  s u r f a c e  t rea tment .  As shown by the  
s u r f a c e  fo l lower  output  i n  Figure 36, the  su r face  i s  q u i t e  smooth, however i t  
e x h i b i t s  s i g n i f i c a n t  v a r i a t i o n s  i n  r e f l e c t i v i t y ,  which can be seen i n  the  
photograph, and which i s  i n  ev iden t  on t h e  SUM a m p l i f i e r  output .  This 
r e f l e c t i v i t y  v a r i a t i o n  r e s u l t s  i n  a maximum e r r o r  of about 0.13 inch.  
A Pebbled Surface. The photograph i n  Figure 37 shows a - 
s t o n e / a s p h a l t f c  s u r f a c e  where t h e  b inder  i s  eroded l eav ing  a pebbled su r face .  
The roughness of t h i s  s u r f a c e  i s  shown by the  s u r f a c e  fo l lower  p l o t  i n  Figure 
38.  A t  t h e  r e f e r e n c e  h e i g h t  t h e  I R  sensor  i n d i c a t e s  a smoother than a c t u a l  
s u r f a c e ,  and when d i sp laced  p l u s  o r  minus one i n c h ,  t h e  sensor  output  
i n d i c a t e s  only  a s l i g h t l y  rougher t e x t u r e  than does t h e  s u r f a c e  fo l lower .  
Grooved PCC. This s u r f a c e ,  which i s  p i c t u r e d  i n  Figure 39, i s  PCC 
with  smal l  grooves running perpendicular  t o  the  d i r e c t i o n  of the  sensor  
t r a v e l .  As seen from t h e  p l o t s  i n  Figure 40, t h e  I R  sensor  output  i s  i n  
Figure 31. Old asphalt with a ye1 low s t r i p e ,  the t e s t  surface for the 
plots appearing in  Figure 32 .  
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32. The IR Sensor response t o  a yellow marker s t r i p e  ot 
asphalt .  The surface i s  shown in Figure 31. 
1 old 
F igu re  33. Dry and wet PCC, t h e  t e s t  sur face f o r  t h e  p l o t s  appear ing 
i n  F i g u r e  34. 
Longitudinal Distance - in. 






F i g u r e  34. The I R  Sensor response t o  d r y  and wet  PCC. The s u r f a c e  i s  
shown i n  F i g u r e  33. 
F i a u r e  35. Su r face  t r e a t e d  aspha l t ,  t h e  t e s t  s u r f a c e  f o r  t h e  p l o t s  









F i g u r e  36. The I R  Sensor response t o  s u r f a c e  t r e a t e d  a s p h a l t .  The 
s u r f a c e  i s  shown i n  F i g u r e  35. 
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The I R  Sensor response t o  a pebb led  s u r f a c e .  The s u  
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Figure 40. The IR Sensor response t o  grooved P C C .  The surface i s  shown 
in Figure 39. 
agreement wi th  the  su r face  fo l lower  measurement wi th in  about 0.025 inch a t  a l l  
t h r e e  sensor  he igh t s .  
PCC With a Tar Joint. A t a r  j o i n t ,  two t o  t h r e e  inches  wide, ---- 
between two s l a b s  of PCC i s  shown i n  Figure 41. The p l o t s  shown i n  Figure 
42  r e v e a l  a maximum e r r o r  on the  sensor  ou tpu t ,  a s  the  sensor  passes  over the  
t a r  j o i n t ,  of 0.45 inch.  While the  s u r f a c e  has an o v e r a l l  he igh t  v a r i a t i o n  of 
about . 23  i n c h ,  on each s i d e  of t h e  t a r  s t r i p i t h e  sensor  output  agrees  with 
the  su r face  fo l lower  he igh t  i n d i c a t i o n  w i t h i n  0.025 inch a t  a l l  t h r e e  sensor  
h e i g h t s .  
PCC to Asphalt Transition- Figure 43 shows a junc t ion  between a --
s l a b  of PCC and an a s p h a l t i c  s u r f a c e  layed over PCC. The d a t a  from t h i s  
su r face  i s  p l o t t e d  i n  Figure 44. Except a t  t h e  junc t ion  of the  two su r faces  
and wi th  the  sensor  d i sp laced  from t h e  re fe rence  h e i g h t ,  the  sensor  output  and 
t h e  s u r f a c e  fo l lower  i n d i c a t i o n  match wi th in  about 0.025 inch.  The maximum 
e r r o r  dur ing t h e  t r a n s i t i o n  i s  about 0.25 inch. The SUM a m p l i f i e r  output  
shows t h a t  t h e  d i f f e r e n c e  i n  r e f l e c t i v i t y  between the  PCC and the  a s p h a l t  i s  
very smal l  i n  t h i s  case.  
A Manhole Cover. The response of t h e  sensor  whi le  pass ing over the  - 
manhole cover shown i n  Figure 45 was s u r p r i s i n g l y  good. A s  seen i n  Figure 
46,  when the  t h e  s h o r t  wavelength r i p p l e  on t h e  curves  i s  smoothed, the  
sensor  ou tpu t  i s  i n  agreement wi th  t h e  s u r f a c e  fo l lower  output  wi th in  about 
0.05 inch.  
A Worst Case Reflectance Change. In  order  t o  s imulate  an extreme --- 
r e f l e c t a n c e  change, r ep resen t ing  a junc t ion  between new PCC and new a s p h a l t  ( a  
l i v e  example could not  be found i n  the  a r e a ) ,  a  s e c t i o n  of l i g h t  colored PCC 
was coated wi th  a b lack a s p h a l t  s u r f a c e  coat ing.  This t e s t  patch i s  shown i n  
Figure 47. Comparing t h e  SUM a m p l i f i e r  output f o r  t h i s  s u r f a c e ,  shown i n  
Figure 48, wi th  t h e  SUM a m p l i f i e r  output  f o r  t h e  dark-gray/ whi te  t e s t  
pa tches ,  shown i n  Figure 25, (wi th  the  AGC o f f )  the  r e f l e c t a n c e  of t h e  
aspha l t ed  a r e a  i s  seen t o  be l e s s  than t h a t  of the  dark-gray t e s t  su r face  used 
i n  the  l a b o r a t o r y  t e s t s ,  and the  r e f l e c t a n c e  of t h e  l i g h t  PCC su r face  a l s o  i s  
l e s s  than the  r e f l e c t a n c e  of the  white t e s t  su r face .  Since i t  seems only  
Figure 41. P C C  with a t a r  jo in t ,  the t e s t  surface fo r  the plots 
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Figure 42. The IR Sensor response t o  a tar joint in P C C .  The surface 
is shown in Figure 41. 
F igu re  43. Junction between PCC and old asphalt,  the t e s t  surface for  
the plots appearing in Figure 44. 







F i g u r e  44. The I R  Sensor response t o  a  j u n c t i o n  between PCC and a s p h a l t .  
The sur face  i s  shown i n  F i g u r e  43. 
Figure 45. Asphalt around a manhole cover, the t e s t  surface for  the 
plots appearing i n  Figure 46. 
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i gu re  46. The I R  Sensor response t o  a manhole cove r  i n  a s p h a l t .  The 
su r face  i s  shown i n  F i g u r e  45. 
F igu re  47. PCC coated w i t h  a s p h a l t  sur face sea le r ,  t h e  t e s t  s u r f a c e  
f o r  t h e  p l o t s  appear ing i n  F igures  48 and 49. 
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Figure 48. The I R  Sensor response t o  PCC and new a s p h a l t  s u r f a c e  
s e a l e r .  The s u r f a c e  is  shown i n  Figure  47 .  The d i r e c t i o n  
of motion i s  along the  long a x i s  of the  sensor .  
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Figure  49. The I R  Sensor response t o  PCC and new aspha l t  su r face  
s e a l e r .  The s u r f a c e  i s  shown i n  Figure  47 .  The d i r e c t i o n  
of motion i s  along the  s h o r t  a x i s  of t h e  sensor .  
reasonable t o  c a l i b r a t e  the  sensor  on a s u r f a c e  with a r e f l e c t i v i t y  f a l l i n g  
wi thin  the  range of s u r f a c e  r e f l e c t i v i t i e s  t o  be encounted i n  t h e  f i e l d ,  the  
l ight -gray t e s t  s u r f a c e  would be a more reasonable choice than a p iece  of 
white bond paper o r  the  white painted su r face .  (White bond paper i s  
recommended f o r  a c a l i b r a t i o n  su r face  i n  the  c a l i b r a t i o n  procedure,  Appendix 
A.) The r e f l e c t i v i t y  of the  l ight -gray s u r f a c e  i s  seen ( s e e  Figures 25 and 
48) t o  f a l l  approximately midway between the  l i g h t  PCC and the  dark a s p h a l t  
su r faces .  
In  Figure 48, the  sensor  outputs  with the  AGC turned off  a r e  superimposed 
on those  with the  AGC turned on ( t h e  normal case ) .  The AGC makes no 
d i f f e r e n c e  on the  sensor output  f o r  the  l i g h t  colored PCC s u r f a c e ,  but i t  
makes a s i g n i f i c a n t  d i f f e r e n c e  f o r  the  dark  s u r f a c e ,  p a r t i c u l a r l y  with the  
sensor  a t  t h e  nominal he igh t s  of 14 inches ( re fe rence  h e i g h t )  and 13 inches.  
On t h e  l i g h t  PCC sur face  the  I R  sensor and the  su r face  fo l lower  outputs  agree 
t o  wi th in  0.025 inch.  However, on t h e  dark s u r f a c e ,  wi th  the  AGC turned on,  
the  sensor  output  has  a s t a t i c  e r r o r  of 0.1 t o  0.12 inch  a t  the  t h r e e  sensor 
h e i g h t s ,  and wi th  the  AGC turned o f f  the  e r r o r  i s  l e s s ,  being a minimum when 
the  sensor  i s  a t  a  he igh t  of 13 inches.  D i f f e r e n t i a l  n o n l i n e a r i t i e s  between 
t h e  four  pho toce l l s  i s  t h e  most l i k e l y  cause of these  e r r o r s .  During the  
t r a n s i t i o n  from the  l i g h t  PCC t o  the  dark a s p h a l t i c  su r face  a peak e r r o r  of 
0.55 inches  occurred.  
Figure 49 shows a d d i t i o n a l  p l o t s  on the  s u r f a c e  shown i n  Figure 4 7 ,  but 
with the sensor  turned with i t s  s h o r t  a x i s  i n  t h e  d i r e c t i o n  of t r a v e l .  In 
t h i s  example the  edge of t h e  dark s t r i p  i s  only p a r t i a l l y  i n  the  spo t  
i l lumina ted  by the  sensor.  These p l o t s  i l l u s t r a t e  the  long wavelength e r r o r s  
t h a t  occur when the  sensor  i s  o r i en ted  with i t s  s h o r t  a x i s  i n  t h e  d i r e c t i o n  of 
t r a v e l  and i t  i s  t r ack ing  r e f l e c t i v i t y  v a r i a t i o n s  which a r e  p a r a l l e l  wi th  i t s  
t r ack .  
5.3 Temperature S e n s i t i v i t y  
A quick check of t h e  I R  s e n s o r ' s  temperature s e n s i t i v i t y  was made before  
conducting t h e  road su r face  t e s t s .  The o u t s i d e  temperature ranged from about 
35 degrees F. t o  50 degrees  F. dur ing the  road t e s t s .  The temperature 
s e n s i t i v i t y  check was made by moving t h e  sensor from t h e  70 degrees F. 
l abora to ry  temperature i n t o  the  35 degrees F. ou t s ide  temperature. With the 
sensor s i t t i n g  on the  t e s t  frame a t  t h e  reference h e i g h t ,  i t s  output was 
monitored f o r  a period of one h a l f  hour. The ind ica ted  height  output from the  
sensor changed by only 0.01 inch dur ing the  f i r s t  15 minutes,  and by only 
0.002 inch during the  second 15 minutes. This r e s u l t  i n d i c a t e s  t h a t  
temperature s e n s i t i v i t y  of t h e  sensor i s  not  a s i g n i f i c a n t  problem. 
5.4 Tilt Sensitivity 
Using the  road t e s t  f i x t u r e  and appropr ia te  shims, t h e  s e n s i t i v i t y  of the  
sensor t o  t i l t  was measured, f o r  t i l t  i n  both the  l a t e r a l  and long i tud ina l  
d i r e c t i o n s .  The height  v a r i a t i o n  a t  the  cen te r  of t h e  sensor  was held t o  l e s s  
than 0.02 inch during the  t i l t  t e s t s .  The t e s t s  were performed over the  
su r face  shown i n  Figure 22. Figure 50 shows the  r e s u l t s  of the  long i tud ina l  
t i l t  t e s t s ,  t h a t  i s  f o r  r o t a t i o n  of t h e  sensor about i t s  s h o r t  ax i s .  The 
measurement was made f o r  t i l t  angles  of p l u s  and minus 5 degrees only ,  a t  
sensor displacements of zero and plus  and minus one inch from the  reference 
height .  The p l o t s  show an e r r o r  of 0.1 inch f o r  p lus  and minus 5 degrees tilt  
a t  a l l  t h r e e  he igh t s .  However, t h e  cen te r  of the  sensor was about 0.02 inches 
h igher  when t h e  sensor  was t i l t e d  than when i t  was l e v e l .  Thus the  a c t u a l  
t i l t  e r r o r  i s  0.08 inch ,  which i s  i n  good agreement with the  value of about 
0.07 inch ,  i n t e r p o l a t e d  from t h e  t i l t  measurement d a t a  t h a t  was given i n  Table 
Er rors  r e s u l t i n g  from t i l t  around the  long a x i s  of t h e  sensor a r e  shown 
i n  Figure 51. This d a t a  i s  f o r  two values  of t ilt  angle ( 4  degrees and 8 
degrees ) ,  a t  t h r e e  sensor he igh t s  (ze ro  and p lus  and minus one inch 
displacement from t h e  reference h e i g h t ) ,  and f o r  t i l t  i n  one d i r e c t i o n  only. 
With t h e  sensor  a t  the  re fe rence  he igh t  and a t  t h e  re fe rence  height  p l u s  one 
inch ,  the  t i l t  e r r o r s  a r e  0.04 inch and 0.075 inch ,  a t  t i l t  angles  of 4 
degrees and 8 degrees respec t ive ly .  The corresponding e r r o r s  a r e  s l i g h t l y  
smal le r ,  0.025 inch and 0.05 inch wi th  t h e  sensor  a t  the  reference height  
minus one inch.  The reason f o r  t h i s  d i f f e r e n c e  has no t  been determined. 
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Figure 50. The IR Sensor's sensitivity to tilt around its short axis 
for f5 degrees tilt. 
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Figure 51. The IR Sensor's sensitivity to tilt around its long axis 
for 4 degrees and 8 degrees tilt. 
6 0 CONCLUSIONS AND RECOWPlENDATIONS 
Analysis  and l abora to ry  t e s t s  of t h e  FHWA I R  Height Sensor have shown 
t h a t  the  des ign concept i s  t e c h n i c a l l y  c o r r e c t  only under c e r t a i n  l i m i t i n g  
condi t ions .  When the  p a r t  of the road su r face  i l luminated by the  spot of I R  
l i g h t  i s  f l a t  and has a r e f l e c t i v i t y  t h a t  i s  homogeonous and uniform i n  
d i r e c t i o n ,  the  concept appears sound. Changes i n  r e f l e c t i v i t y  a r e  cance l l ed ,  
a s  they a r e  intended t o  be,  when the  he igh t  of the  sensor i s  i n v a r i a n t  and 
happens t o  correspond t o  the reference  h e i g h t ,  nominally 14 inches.  When 
these  cond i t ions  a r e  not s a t i s f i e d ,  t h e  t h e o r e t i c a l  sensor output i s  
confounded by the  r e f l e c t i v i t y  p r o p e r t i e s  of the  road su r face  which produce 
s i g n i f i c a n t  e r r o r s .  Laboratory t e s t s  support  the  t h e o r e t i c a l  expec ta t ions ,  
and i n d i c a t e  a d d i t i o n a l  e r r o r s  t h a t  a r e  not  explained by the  simple theory.  
These a r e :  1 )  a l a r g e  dynamic e r r o r  t h a t  occurs when su r face  r e f l e c t i v i t y  
changes pass under the  sensor a t  high speeds;  2 )  a smal l  s t a t i c  o f f s e t  
r e s u l t i n g  from changes i n  the  average su r face  r e f l e c t i v i t y ;  and 3 )  a smal l  
s t a t i c  o f f s e t  r e l a t e d  t o  the  sensor  t i l t  angle. The sum and d i f f e r e n c e  
a m p l i f i e r s  and the  analog d i v i d e r  c i r c u i t s  do not compromise the  performance 
of the  sensor.  The s e n s o r ' s  temperature s e n s i t i v i t y  does not  appear t o  be a 
problem. Wavelengths of the  dynamic e r r o r s  and of the  e r r o r s  predic ted  by 
theory a r e  t y p i c a l l y  i n  the  range of 2 inches t o  12 inches.  However, i n  
c e r t a i n  c i rcumstances ,  longer  e r r o r  wavelengths can occur. 
Dynamic Performance 
When a s u r f a c e  r e f l e c t a n c e  change passes under t h e  sensor ,  a t r a n s i e n t  
overshoot appears on t h e  sensor  output .  The e r r o r  amplitude may be a s  l a r g e  a s  
one i n c h ,  depending on the  magnitude ( r a t i o )  of t h e  r e f l e c t i v i t y  change, t h e  
sensor  h e i g h t ,  and the  su r face  v e l o c i t y  r e l a t i v e  t o  the  sensor .  Unlike the  
e r r o r s  p red ic ted  by theory,  r e s u l t i n g  from s u r f a c e  r e f l e c t a n c e  changes when 
the  sensor  i s  d isplaced from i t s  re fe rence  he igh t  (which a l s o  appear a t  high 
s u r f a c e  v e l o c i t i e s ,  of course ) ,  t h i s  dynamic e r r o r  appears even when the  
sensor  i s  a t  the  reference  height .  The longes t  wavelength of t h i s  dynamic 
e r r o r  i s  about one f o o t .  Thus, i n  order  t o  apply the  I R  sensor t o  high-speed 
profilometer measurements, including wavelengths in the range of about two 
feet or less, this dynamic problem will need to be solved. Tests to date have 
not revealed the source of the dynamic error beyond establishink that it is 
not caused by the sum-difference-divider circuit. Indications are that it is 
caused by differential photocell responses and/or by the bandpass 
filter/demodulator circuits. Hence we think the dynamic problem is solvable. 
Quasi-Static Performance 
The dynamic problem mentioned above is currently not the most critical, 
because there is the more fundamental issue of whether the sensor is usable 
even in a quasi-static mode for profile measurement. When measuring height 
relative to a flat and uniformly reflective surface, the IR sensor exhibits a 
linearity of about 2 percent over a displacement range of 5 . 5  inches, with 
an accuracy of about 2 percent on surfaces with reflectivities not too 
different from that of the surface on which it is calibrated. Based on 
earlier studies at UMTRI, this accuracy appears sufficient for evaluating 
roughness on all but the smoothest roads. However, it has been shown 
theoretically and experimentally that the sensor will produce significant 
measurement errors when the reflectivity of the surface is not uniform and the 
sensor is displaced from its reference height. 
With the sensor displaced only one inch from its zero output reference 
height, tests on actual road surfaces showed the following peak error 
magnitudes: 
- a transition from PCC to new asphalt, 0.5 inch; 
- an oil spot on PCC, 0.23 inch; 
- old and cracked asphalt, 0.2 inch; 
- a yellow marker stripe on asphalt, 0.35 inch; 
- a tar joint in PCC, 0.45 inch; 
- surface treated asphalt, 0.13 inch. 
The wavelength of these transient errors varied from about 2 inches up to 
about 10 inches when the direction of travel was in the direction of the long 
axis of the sensor. Longer wavelengths result when the direction of travel is 
i n  the  d i r e c t i o n  of t h e  s h o r t  a x i s  of the  sensor ,  and t h e  sensor i s  t r ack ing  
along a r e f l e c t a n c e  t r a n s i t i o n  wi th  i t s  edge ly ing  i n  the  d i r e c t i o n  of t r a v e l .  
A l ane  d e l i n e a t i o n  marker i s  an extreme example. Other l e s s  extreme cases a r e  
o f t e n  seen even i n  the  wheel t r a c k  on road su r faces .  Examples a r e  skid marks 
and n a t u r a l  c o l o r a t i o n  changes due t o  su r face  aging and contamination. 
A smal l  s t a t i c  e r r o r  occurs when t h e  sensor i s  viewing a su r face  with 
r e f l e c t i v i t y  g r e a t l y  d i f f e r e n t  from the  r e f l e c t i v i t y  of the  su r face  on which 
i t  had been c a l i b r a t e d .  For example, a  change from PCC t o  a dark blacktop 
caused a change on t h e  sensor  output of 0.1 inch due only t o  the  r e f l e c t i v i t y  
change. The sensor  had been c a l i b r a t e d  a g a i n s t  a white painted su r face  wi th  
r e f l e c t i v i t y  s l i g h t l y  g r e a t e r  than t h e  PCC. 
A smal l  output  e r r o r  occurs when the  sensor i s  t i l t e d  about e i t h e r  i t s  
long a x i s  or  i t s  s h o r t  ax i s .  For t i l t  around the  long a x i s  and with no he igh t  
change, the  measured e r r o r  was 0.04 inch f o r  4 degrees of t i l t ,  and 0.075 inch 
f o r  8 degrees of t i lt .  When the  sensor  was r o t a t e d  around i t s  s h o r t  a x i s  the  
measured e r r o r  was 0.04 inch f o r  4 degrees  t i l t  and 0.145 inch f o r  8 degrees 
t ilt .  T i l t  e r r o r s  a r e  bel ieved t o  be caused p r imar i ly  by d i s t o r t i o n  of the  
spo t  image on the  s u r f a c e  of the  pho toce l l s .  
Temperature Sensitivity 
The manufacturer ' s  d a t a  shee t  on the  d i v i d e r  module (Analog Devices model 
436),  s p e c i f i e s  a worst case  output  temperature d r i f t  of only 2 m i l l i v o l t s  per 
degree C. (1.1 m i l l i v o l t s  per  degree F). This t r a n s l a t e s  t o  0.00027 inch  per 
degree F. a t  the  sensor  output .  A rough measure of the  temperature d r i f t  of 
t h e  o v e r a l l  sensor was made by monitoring t h e  sensor  output  a f t e r  moving i t  
from a 70 degrees  F. environment i n t o  a 35 degrees F. environment. A d r i f t  of 
0.01 inch was observed dur ing the  f i r s t  15 minutes,  and only 0.002 inch d r i f t  
occurred dur ing t h e  second 15 minutes. While some a d d i t i o n a l  d r i f t  may have 
occurred wi th  a longer  soak period a t  the  35 degree temperature,  t h i s  r e s u l t ,  
t oge the r  wi th  the  the  d i v i d e r  d r i f t  s p e c i f i c a t o n ,  i n d i c a t e s  temperature d r i f t  
i s  no t  a major concern. 
Use of t h e  Sensor t o  Measure Longi tudinal  Profile. 
The t r a n s i e n t  response of the  I R  sensor precludes  i t s  use f o r  measuring 
road roughness f o r  wavelengths i n  t h e  range of about 2 f e e t  or  l e s s .  Specia l  
f i l t e r i n g  techniques would be required t o  remove n o i s e ,  i n  t h i s  wavelength 
range,  from t h e  measurement. For t h e  longer  wavelength measurements, t h e  
o v e r a l l  sensor  accuracy,  a t  b e s t ,  would be about 5 percent  of i t s  - +1.5 inch 
" l inea r"  range. The sensor  l i n e a r i t y  is  about 2 percent  over t h i s  range. The 
range of su r face  r e f l e c t i v i t i e s  t h a t  a r e  encountered on t h e  road can r e s u l t  i n  
o f f s e t  and ga in  changes of s e v e r a l  pe rcen t ,  al though t h i s  could be improved 
some by an improved c a l i b r a t i o n  procedure. Angular motions of the  sensor lead 
t o  e r r o r s  of about 4 percent a t  4 degrees  of p i t c h  o r  r o l l .  Larger r o l l  
angles  dur ing s t eady  corner ing would cause l a r g e r  e r r o r s .  A l a r g e r  
displacement range i s  d e s i r a b l e ,  s o  t h a t  t h e  system can opera te  a t  normal 
speeds on rougher roads. 
Use of t h e  Sensor to Measure But Depth 
Since r u t  depth  measures a r e  b a s i c a l l y  simple s t a t i c  measures, which can 
be summarized over l eng ths  10 f t  o r  longer ,  the  shor t -wavelength  performance 
of t h e  sensor  i s  not  a s  c r i t i c a l  a s  when measuring l o n g i t u d i n a l  p r o f i l e  f o r  
roughness evaluat ion.  Problems with dynamic overshoot and i n c o r r e c t  t r a n s i e n t  
responses t o  r e f l e c t i v i t y  changes should have l i t t l e  e f f e c t  on the  very long 
wavelengths of i n t e r e s t .  Thus, t h e  problem can perhaps be "solved" f o r  t h e  
a p p l i c a t i o n  of r u t  depth measurement simply by f i l t e r i n g  t h e  s i g n a l s  
s u f f i c i e n t l y  t o  remove a l l  medium and s h o r t  wavelength content .  
Although the  s h o r t  wavelength response of the  sensor  i s  not  c r i t i c a l  f o r  
r u t  depth measurement, the  abso lu te  s t a t i c  measurement must be accurate .  
N o n l i n e a r i t i e s  i n  the  c a l i b r a t i o n  curve of t h e  sensor  can of course be 
compensated by computer, y e t  any o f f s e t s ,  d r i f t ,  o r  change i n  g a i n  due t o  
r e f l e c t i v i t y  w i l l  change t h e  apparent  r u t  depth. The accuracy es t ima tes  
s t a t e d  above, of course ,  a l s o  apply here.  
The computation of r u t  depth  from the s i g n a l s  of t h r e e  he igh t  sensors  
( s e e  Figure 1 )  e f f e c t i v e l y  cancels  any v e h i c l e  bouncing motions,  i f  the  t h r e e  
sensors are matched in their response characteristic (amplitude and phase). 
Rolling and pitch motions are also cancelled if all three of the sensors 
respond identically to the angular deviations from true vertical. As shown in 
Figure 1, the outermost sensors must be aimed differently from the others 
(which are aimed straight down), in order to measure the height of a track 
outboard of the vehicle. Because the sensor has been shown to behave 
differently when aimed at different angles, due (we think) to a distortion of 
the image of the spot seen by the photocells, the outboard sensor may respond 
differently than the other two when the vehicle rolls even a small amount. 
The IR sensor has been shown to have a number of design and performance 
problems which would compromise the performance of either a longitudinal road 
profilometer or a rut depth measurement system employing the sensor, 
restrictions on the profilometer being the greater. Because these limitations 
would complicate the design and operation of the final system, we recommend 
that an effort be made to find a sensor with significantly better performance 
than the IR sensor, before proceeding with the effort required to optimize the 
IR sensor for this application. Of course any "better" sensor should be 
thoroughly tested to assure that it does not have unexpected limitations, 
before expending the considerable effort required to build it into an 
operating system. 
If a decision is made to use the IR sensor for development of the 
profilometer/rut depth measurement system, then the following issues must be 
addressed and problems solved. 
1. The cause of the large dynamic errors that occur at higher speeds must be 
identified and eliminated. 
2 .  Tilt angle errors must be quantified more completely, and if needed, means 
for correction devised. 
3. Temperature sensitivity of the sensor should be quantified more carefully. 
4. A b e t t e r  c a l i b r a t i o n  method must be dev i sed ,  wi th  an eye towards 
computer-controlled methods t h a t  can be employed t o  reduce the  t e c h n i c a l  
demands on t h e  u s e r ,  and which w i l l  provide the  optimum sensor  accuracy 
ob ta inab le  f o r  a  se lec ted  range of road s u r f a c e  cond i t ions .  
5. The s h o r t e s t  wavelength t o  be included i n  t h e  measurements must be 
s e l e c t e d ,  c o n s i s t e n t  wi th  d a t a  r educ t ion  methods, which w i l l  permit 
s u i t a b l e  accuracy f o r  longer  wavelengths by r e j e c t i n g  no i se  a t  the  s h o r t e r  
wavelengths 
6 .  Guidel ines  must be prepared t o  permit  u s e r s  of t h e  I R  sensor  t o  exclude 
measurements over su r face  f e a t u r e s  which have been determined t o  cause 
e r r o r s  which can no t  be handled by the  d a t a  r educ t ion  procedures.  
1. King, J.D. and Cerwin, S.A. System f o r  Inventorying; Road Sur face  
Topography. F i n a l  Repor t ,  C o n t r a c t  No. DOT-FH-11-8494, Report No. 
FHWA/RD-82/062, August 1982. 
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ADJUSTMENT AND CALIBRATION 
A.  EQUIPMENT 
1. Height Sensor 
2. Bench and Test Target (white poster  board or white bond paper).  
3 .  Single Axis Linear Translation Stage (4-inch o r  more t r ave l ,  
,005 inch resolut ion)  
4. Two-Channel Oscilloscope, 5 mHz or  greater bandwidth 
5. Digi tal  Volt Meter 
6. 12v, 5 amp power source 
7. 0-10 vo l t ,  1 0  ma adjustable voltage source 
8. An Infrared Viewer is very helpful i n  positioning 
the t e s t  t a rge ts  but is e s sen t i a l  only fo r  the optional f ine  tuning 
procedure in  Section D. 
B I SET-UP 
. - a  
1 .  A sketch of a typical  t e s t  set-up i s  given i n  Figure 1. 
References t o  t e s t  points and potentiometer adjustments may be 
located on e l e c t r i c a l  schematics shown i n  drawing numbers 
15-6527-001 and 15-6527-002 and on the pa r t s  location photograph 
given i n  ~ i ~ u r ' e  2. 
2. Position the ta rge t  surface a t  the reference distance of 14.00" from 
the  bottom surface of the height sensor (surface containing p l a s t i c  
windows) . The ta rge t  surface must be p a r a l l e l  t o  the height sensor 
and should be of a uniform l i g h t  color and texture.  A section of 
f l a t ,  s t i f f  poster board is  suggested. It should be noted t h a t  the 
amplitudes of many of the s ignals  within the height sensor are 
dependent upon the r e f l e c t i v i t y  of the t a rge t  surface. The ta rge t  
surface must be e i the r  a piece of white poster board or  white bond 
paper f o r  the gain adjustment, and once the alignment procedure is 
s t a r t ed  the t a rge t  surface must not be moved r e l a t ive  t o  the height 
sensor u n t i l  the procedure is completed. 
3 .  Remove the covers from both access ports  on the top of the height 
sensor. 
4. Connect the height sensor t o  a nominal 12 vo l t  D.C. power source 
capable of supplying currents up t o  5.0 amperes. 
CAUTION: OBSERVE POLARITY. REVERSING P W E R  SUPPLY 
POLARITY TO THE HEIGHT SENSOR WILL BLOW 
F U S E  F-1. In addition t o  the in l ine  3 amp fuse 
there i s  a 5 amp fuse located on FCB6 within the 
height sensor. 
b. Connect oscilloscope channel 1 t o  TP1 and channel 2 t o  TP5. 
c .  Adjust Center frequency of the 5 kHz band-pass f i l t e r  
using potentiometer PI such tha t  there is  zero phase 
s h i f t  between the s ine wave displayed on channel 2 and 
the  square wave displayed on channel 1. It may be 
useful t o  superimpose the two wave forms using the 
center ing controls  on the oscilloscope fo r  this adjust- 
ment. Typical wave forms a re  shown i n  Figure 3b. 
d. Repeat the adjustment f o r  the second band-pass f i l t e r  
using TP6 and pot P2. 
e .  Repeat the adjustment f o r  the th i rd  band-pass f i l t e r  using 
TP7 and pot P3. 
f .  Repeat the adjustment f o r  the fourth band-pass f i l t e r  using 
TP8 and pot P4. 
3. - Gain Adjustment 
a.  The automatic brightness control c i r cu i t ry  must be disabled 
before the gain control potentiometers P5, P6 ,  P7 and 
P8  can be adjusted. 
b. The automatic brightness control loop is broken and the 
c i r c u i t r y  disabled by in te r rupt ing  the SUM l i n e  which runs 
from PCB 5 t o  FCB 6 by s e t t i n g  switch S1 ( located between 
PCB6 and FCB7) from the normal (N) posi t ion t o  the t e s t  ( T )  
posi t ion.  
c. Measure the sum voltage a t  TP14 with a d i g i t a l  voltmeter 
(DC) and with switch S1 i n  the Test ( T )  posi t ion.  With a 
piece of white bond paper or  white posterboard a s  the t e s t  
t a r g e t ,  t he  voltage a t  TP14 should be approximately +5 VDC. 
Also, i f  the t a r g e t  surface i s  positioned a t  the reference 
height ,  the  EC voltages a t  TP9, TP10, TP11, and TP12 should 
be equal and nominally -1.25 VM: each. 
d. If required, ad jus t  the gain of channel 1 using potentiometer 
P5 t o  s e t  the voltage a t  TP9 t o  -1.25 VDC. 
e. Repeat the  adjustment f o r  channel 2 using potentiometer P6 
and TP10. 
5. The nominal 4-in. diameter c i rcu lar  
spot of infrared l i gh t  projected downward through the center 
window of the height sensor onto the ta rge t  surface 
should be observed with an infrared viewer. Reposition 
the t a rge t  o r  sensor i f  necessary t o  cause the area of the t a rge t  
surface illuminated by the spot t o  be uniform and f ree  
from any markings or  smudges. 
C. ALIGNMENT PROCEDURE 
1. Detector Aiming Alignment 
a.  Adjust the oscilloscope controls as follows: 
e ( 1 se lec t  "Alternate" mode for  ve r t i ca l ,  2-channel display. 
( 2 )  Set ve r t i ca l  s ens i t i v i ty  t o  200 mil l ivo l t s  per divis ion,  
AC coupled. 
( 3 )  Set horizontal sweep t o  50 microseconds per division. 
( 4 )  Trigger on e i the r  channel 1 or channel 2. 
( 5 ) Insure t h a t  a l l  var iable  oscilloscope controls 
a re  i n  ca l ibra te  position. 
b. Connect one channel of a dual t race oscilloscope t o  
t e s t  point TP1 and the other channel t o  t e s t  point  TP2. 
Typical waveforms should be as  shown i n  Figure 3a. 
c. Adjust detector  1 alignment screw u n t i l  the AC peak 
t o  peak voltages a t  TP1 and TP2 are  equal. Lock the align- 
ment screw with the shaft  lock provided a f t e r  making the 
adjustment . 
d. Connect oscilloscope t o  TP3 and TP4 and repeat 
f o r  detector 2 using the detector 2 alignment screw. 
2 .  Adjustment of Band-pass Amplifier Center Frequency 
a .  Ad ju s t  oscilloscope se t t ings  as follows : 
( 1 Select "Chopn mode of ve r t i ca l  display. 
( 2 )  Set ve r t i ca l  s e n s i t i v i t y  t o  200 mV per 
divis ion,  CC coupled, f o r  both channels 
( 3 )  Set horizontal sweep t o  50 microseconds per division. 
(41 Trigger on channel 1. 
( 5 )  Insure a l l  var iable  oscilloscope controls a re  in 
ca l ib ra t e  position. 
f .  Repeat '.be adjustment fo r  channel 3 using potentiometer P7 and 
TP 1 1 .  
g. Repeat the adjustment fo r  channel 4 using potentiometer 
PB and TP12. 
h. Recheck the voltages on TP9 through TP12 t o  insure t h a t  
each voltage is -1.25 VDC. The voitage a t  TP14 should be the 
sum of the voltages on TP9 through TP12 (with a sign 
inversion)  and should be +5 VDC when the voltages on TP9 
through TP12 are  each -1.25 VDC. 
i. Return toggle switch S1 t o  the Normal (N) position. 
4. Sum and Difference Offset Adjustments --
a. Using a piece of heavy cardboard and masking tape block the 
center  window of the  height sensor t o  prevent any inf ra red  
l i g h t  from reaching the ta rge t  surface. The infrared viewer 
may be used t o  check f o r  this condition. 
be Connect one channel of the dual channel oscilloscope t o  TP13. 
mrn up the  sens i t i v i ty  of the oscilloscope u n t i l  the 
e lec t ronic  noise on TP13 is evident on the t race .  This w i l l  
typ ica l ly  occur a t  a s ens i t i v i ty  of 50 mV per divis ion.  The 
oscilloscope should be DC coupled f o r  t h i s  operation. 
Alternately block each of the  two detecter  windows (near each 
end of the bottom surface of the height sensor) with an opaque 
objec t  while observing the s ignal  a t  TP13. There should be no 
change when e i the r  window is blocked. If there i s  a change, 
then some IR l i g h t  is reaching the ta rge t .  Repeat s tep  a .  
c. Adjust the Difference n u l l  potentiometer PI2 fo r  0.00 vo l t s  
output a t  TP 13 .  
d. Connect t he  oscilloscope to  TP14 and adjust  the SUM n u l l  
potentiometer PI3 f o r  0.00 vo l t s  output a t  TP14. 
Analog Divider Trimming Procedure 
The performance of the electro-opt ical  height sensor is 
c r i t i c a l l y  dependent upon proper operation of the  analog 
divider  c i r c u i t .  The analog divider  typ ica l ly  can be trimmed 
t o  an accuracy of be t t e r  than 0.1 percent of f u l l  sca le  fo r  a 
denominator s ignal  in the range of 10 mV t o  PO V (60 DB) . To 
achieve t h i s  leve l  of performance , the following alignment 
procedure should be followed. 
b. hlignment of the analog divider requires independent access to  Z 
( o r  numerator) input and the X (or  denominator) input. A minature 
toggle switch, S2, has been provided on PCB 5 for  t h i s  purpose. 
The switch is  placed in  the "N" (or  normal) position fo r  normal 
height sensor operation and in the "T" (or  t e s t )  position fo r  the 
alignment procedure. In the t e s t  posi t ion,  the Z (o r  numerator) 
input is connected t o  TP-16 and the X ( o r  denominator) input i s  
connected to  TP-15. 
c. Apply power to the height sensor and allow a f ive  minute (mininum) 
warm up period. Place toggle switch S2 on PCB 5 t o  the "T" ( t e s t )  
posi t ion.  
d. Set the external variable voltage ( t e s t )  power supply t o  +10.00 V, 
and connect the posi t ive output l i n e  t o  the denominator input,  
TP-15, and the negative t o  TP-18 (ground). Connect the numerator 
input TP-16 t o  TP-18 (ground). - Note: For purposes of the analog 
divider alignment procedure, a l l  ground returns for the t e s t  
points  and external power supply should be connected to  the ground 
terminal TP-18 provided on PCB 5. 
e. Adjust output o f f se t  potentiometer PI1 for  0 mv output a t  TP-17. 
f . Connect the variable power supply voltage through a 1 0 0 0 : l  
r e s i s t i v e  voltage divider (100k t o  1 0 0  ohm) t o  provide an ingut of 
+10 mV t o  TP-15 and leave the numerator input connected to  ground. 
Adjust the numerator ( 2 )  of f se t  potentiometer PI0 f o r  0 mV output 
a t  TP17. 
g. Disconnect TP 16 from ground and connect both TP 15 and TP 16 t o  
the variable power supply. Set the t e s t  power supply output t o  
+10.00 vol t s  and s e t  the scale  adjust  potentiometer PI4 for  
+10.00 V output a t  TP-17. 
h. Connect both TP15 and TP16 t o  the +10 mV obtained through the 
divider described i n  f .  Adjust the denominator (x)  o f f se t  
potentiometer P9 fo r  + lo .  00 V output a t  TP17. 
i. Remove the connections t o  TP-15 and TP-16 and return toggle switch 
S2 on PCB 5 t o  the "N" position. 
D. FINE TUNING OF NOISE CANCELLATION CIRCUITRY (optional) - ----
NOTE: Read all of the alignment instruct ions before beginning the 
procedure. In addition t o  the equipment requirements l is t ,ed 
i n  Section A, a special ro ta t ing  t a rge t  f ix ture  and a four 
o r  more channel s t r i p  chart  recorder w i l l  be required to  
perform t h i s  procedure. 
1. The height sensor i s  designed t o  cancel height measurement e r ro r  
caused by nonuniform reflectance d is t r ibu t ions  i n  the t a rge t  spot 
area.  This is accomplished geometrically by or ient ing the incident ,  
o r  transmitted l i g h t  path perpendicular t o  the ta rge t  surface and 
using two posi t ion sensor pickups a t  complementary angles on e i ther  
side.  Thus pos i t ive  or  negative height displacements produce in-phase 
e l e c t r i c a l  responses from the two pickups, but because of the 
complementary symmetry the e r ro r  components caused by nonuniform 
ref lectance produce out-of-phase responses which cancel when the two 
sensor responses a re  combined i n  the difference and sun amplifiers.  
The e f f ec t s  of t h i s  type of e r ro r  a r e  par t icu lar ly  noticeable under 
t r ans i en t  ref lectance conditions,  such a s  those encountered when 
running over painted s t r i pes .  Rejection of these e r ro r s  may be 
fine-tuned by the o?tional procedure outlined in  t h i s  sect ion.  
2. A ro ta t ing  t e s t  surface with a known ref lectance variance is  used f o r  
t h i s  procedure. A piebald surface with one half dark and one half 
l i g h t  is eas i e s t  t o  generate. A piece of f l a t  poster board or  
cardboard of the type found on t a b l e t  backs is  suggested: Mask one 
half  of the t a r g e t  and pa in t  the  other half a moderately dark grey. 
Extreme differences i n  ref lectances (such a s  black/white) should be 
avoided. Light grey/dark grey combinations wi l l  produce best  r e su l t s .  
The f inished tex ture  of the  t e s t  surface should be f l a t l y  r e f l e c t i v e ,  
a s  glossy surfaces w i l l  produce erroneous r e su l t s .  Unpainted 
sandpaper should be avoided because the shiny and lens-like sand 
c rys t a l s  on many sandpapers have a preferred or ien ta t ion  and w i l l  a l so  
cause erroneous r e su l t s .  The f inished t e s t  surface should be bonded 
t o  a ro ta tab le  disk 5 t o  6 inches i n  diameter. The following c r i t e r i a  
should be observed: 
a.  The f inished surface must be f l a t  ( t o  a t  l e a s t  - + .010 i n . )  
b. The ro ta tab le  disk mst ro t a t e  the t a r g e t  surface in-plane and 
without runout. 
c.  The center of ro ta t ion  must pass through the  dividing l i n e  between 
the  l i g h t  and dark areas  of the t a rge t  surface. 
d. Disk ro t a t iona l  speed must be compatible with e i t h e r  s t r i pcha r t  
o r  osci l lographic display. Two t o  ten revolutions per second i s  
recommended f o r  s t r i pcha r t  recording. 
Perform the s t a t i c  alignment procedure out l ined in sect ion C using a 
uniform t a rge t  surface (white o r  grey poster board). Subs t i tu te  the 
ro t a t ab l e  piebald t a rge t  surface fo r  the uniform t a rge t .  The 
ro t a t ab l e  t a rge t  must be placed a t  exactly the same height dis tance 
a s  the uniform t a rge t ,  and the dividing l i ne  between the two piebald 
halves must be positioned in the  center of the inf ra red  spot in both 
x and y direct ions.  An in f ra red  viewer and sca le  may be used to  
center  the t a rge t .  Centering the t a rge t  i n  both x and y d i rec t ions  
is f a c i l i t a t e d  by manually or ien t ing  the dividing l i n e  e i t he r  
p a r a l l e l  or  perpendicular t o  the height sensor chassis while using 
the  inf ra red  viewer and scale.  
4. Five e lec t ronic  s igna ls  a r e  monitored fo r  the procedure: the four DC 
output s igna ls  corresponding t o  the responses of the two detector  
halves of both detectors  and the height output signal.  The DC outputs 
of detector 1, -El and 4 2 ,  a re  avai lable  a t  TP9 and TP10; the IX 
outputs of detector  2, -E3 and -E4,. are  avai lable  a t  -11 and TP12. 
The height output s ignal  is avai lable  a t  the output BNC connector. 
5. Connect TP-9, TP-10, TP11, and ?PI2 respectively t o  ch l ,  ch2, ch3, and 
ch4 of a four or more channel s t r ipchar t  recorder. Set the scale  
fac tors  of the s t r i pcha r t  recorder t o  -2VFS, or  as  required a f t e r  
beginning the procedure. The output signal may be displayed on an 
additional channel i f  avai lable ,  or on an external oscilloscope. 
6. Apply power and s t a r t  ro ta t ion  of the piebald ta rge t .  Triangular 
shaped s ignals  should appear on L.?e four c'nannels of the s t r i p  chart  
recorder, caused by the a l te rna t ing  l i gh t  and dark areas of the 
piebald ta rge t  passing over the respect ive.detector  halves. Typical 
s ignals  a re  shown in  Figure 4. Note tha t  both of the detector 1 
outputs (chl and ch2) and the detector 2 outputs (ch3 and ch4) each 
have large and -11 AC components, chi and ch4 a re  in phase, ch2 and 
ch3 a re  i n  phase, and chl and ch4 a re  180° out of phase with ch2 and 
ch3. If the-18O0 phase relat ionship is not present,  recheck the 
t a rge t  centering i n  s tep  3 and make sure the ro ta t ing  t a rge t  is a t  the 
same height distance a s  the s t a t i c  ta rge t  was for  the s t a t i c  
alignment procedure. 
The r e l a t ive  phase and amplitudes of the four s ignals  a r e  responsible 
fo r  the e r ror  cancellation: the AC components (amplitude and phase) 
on chl and ch3 should be equal and opposite; and the AC components on 
ch2 and ch4 should also be equal and opposite ( thus,  t h e i r  e f f ec t s  
w i l l  cancel in the suutmation c i r cu i t ry ) .  Fine tuning of the 
cancellation is made by making minor adjustments. t o  the phase and 
amplitude levels  of these s ignals .  The degree of cancellation 
obtained i s  re f lec ted  i n  the magnitude of the AC component present on 
the output s ignal  (BNC output connector), and a l l  adjustments are  made 
t o  minimize t h i s  s ignal .  
8. Observation of the s ignals  on the s t r i p  chart  recorder w i l l  t e l l  which 
parameter t o  adjust  f i r s t .  If it is  not obvious from the t races  
which parameter needs adjustment, then minor adjustments should be 
made t o  each control input while noting the e f f ec t  on the output 
signal.  Best r e su l t s  w i l l  be obtained by optimizing the cancellation 
through small adjuscaents of a l l  control inputs,  as  opposed t o  gross 
adjustment of any one input. Control inputs a r e  a s  follows: 
Amplitude (gain) of chl (TP9) : P5 
Amplitude (gain)  of ch2 (TP10) : P6 
Amplitude (gain)  of ch3 (TP11) : P7 
Amplitude (gain)  of ch4 (TP12) : P8 
Phase relat ionship of chl and ch2 : detector 1 aligment screw 
Phase relat ionship of ch3 and ch4 : detector 2 aligment screw 
9. Reductions i n  the height measurement e r ror  caused by nonuniform 
reflectance of 60 t o  70: 1 should be achievable. If one of the two 
detectors  is blocked by placing an opaque card over the lens window, 
then the height sensor output w i l l  show the e r ror  with no 
cancellation. Figure 5 shows typica l  height sensor output with the 
ro ta t ing  piebald disk a s  a ta rge t  surface under conditions of 1) 
detector  1 blocked, 2) detector 2 blocked, and 3) both detectors  
operating. With e i the r  detector blocked, a 14 vp-p e r ror  s ignal  i s  
present on the output (note the 180° phase difference between the 
e r r o r  s igna ls  of Figure 5a and Figure 5b). When both detectors  a re  
allowed t o  operate,  the e r ro r  s ignal  is  reduced t o  0 . 2  vp-p, shown on 
t h e  r igh t  hand port ion of Figures 5A and 5B, and on an expanded sca le  
i n  Figure 5c. Thus the measurement e r ror  i s  reduced by 70 times, o r  
37dB. 
E. ESPONSE CURVE AND SCALE FACTOR ADJUSTMENT ----
This completes the height sensor alignment procedure. Before replacing 
the  cover p l a t e s ,  be sure that both Sf and 52 have been returned t o  the 
Normal (N) posi t ion.  A ca l ibra t ion  curve should be taken a t  a range of _t 2 
inches about the reference height. Height increments of not greater  than 
0.2 inches a r e  recommended. A typ ica l  response curve i s  given i n  Figure 
6. Scale f ac to r  of t he  response curve may be s e t  with potentiometer P15. 
The sca le  f ac to r  should be s e t  t o  3.5 v/inch, s e t  by displacing the t a rge t  
surface + 1 inch from the reference height (0.00 v o l t s )  and s e t t i n g  the 
output voltage t o  +3.5 v with P15. 
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FIGURE 5a. Output s i g n a l  wi th  
Detector 1 blocked 
25 V.F.S.  
v = 14 vp-p 
FIGURE 5b. 
FIGURE 5c. 
Output s i g n a l  w i t h  
Detector 2 blocked 
25 V.F.S. 
v = 14 vp-p 
Output s i g n a l  wi th  both 
Detectors Operating 
1 V.F.S. 
v = 0.2 vp-p 
error reduct ion = 37 d~ 
Figure 5. HEIGHT DETECTOR OUTPUT WITH ROTATING PIEBALD DISK AS TARGET SURFACE 
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SENSOR RECALIBRATION DATA 
I n i t i a l  checks of the  performance of the  I R  sensor  revealed unexpected 
d e f i c i e n c i e s  with regard t o  the  e f f e c t s  of nonuniform sur face  r e f l e c t i v i t y  and 
dynamic response. Consequently, both t o  become f a m i l i a r  with the  sensor 
c i r c u i t r y  and c a l i b r a t i o n  c h a r a c t e r i s t i c s ,  and t o  assure  t h a t  the  observed 
performance was not  a r e s u l t  of f a u l t y  c a l i b r a t i o n  and/or f a u l t y  components, 
an o v e r a l l  r e c a l i b r a t i o n  of the  sensor was undertaken. The c a l i b r a t i o n  
procedure recommended by the  Southwest Research I n s t i t u t e  (Appendix A) was 
followed, except the  "piebald disk"  procedure,  recommended f o r  f i n a l  
adjustment trimming t o  minimize the  sensor response t o  nonuniform surface  
r e f l e c t a n c e ,  was not  applied.  An a l t e r n a t e ,  more p r e c i s e  procedure was used,  
and i s  described below. Only minor adjustments were required t o  ob ta in  the  
s i g n a l  waveforms and vol tages  s p e c i f i e d  i n  the c a l i b r a t i o n  procedure, 
i n d i c a t i n g  t h a t  the  o r i g i n a l  c a l i b r a t i o n  was accura te ly  performed "by the  
book. I '  
This appendix includes  a number of observat ions  concerning d e t a i l s  of the 
sensor  opera t ion ,  and sample d a t a ,  which may prove h e l p f u l  t o  anyone using or 
i n v e s t i g a t i n g  the  I R  sensor .  Measurements made while performing the 
r e c a l i b r a t i o n  of the  sensor a r e  presented.  Data showing unequal d i f f e r e n c e  
ampl i f i e r  inpu t  ga ins  a r e  tabula ted  and the  e f f e c t  on sensor performance i s  
discussed.  This same d a t a  show t h a t  the  photocel l  s i g n a l s  a r e  the  source of 
the  change i n  sensor  output f o r  changes i n  su r face  r e f l e c t i v i t y  (with the  AGC 
on and o f f  1. Data a r e  t abu la ted  showing t h e  improvement achieved i n  the 
t r ack ing  between the  photocel l  s i g n a l s ,  when a new procedure was used t o . t r i m  
the  sensor adjustments f o r  optimum c a n c e l l a t i o n  of su r face  r e f l e c t i o n  changes. 
Recalibration. 
Recal ibra t ion of t h e  sensor  was performed with the  bottom reference  
surface  of the sensor case  14  inches away from the  white surface  on the  drum 
r o l l e r  ( t h e  drum r o l l e r  t e s t  su r face  i s  described i n  the  r e p o r t ) .  Before 
r e c a l i b r a t i o n ,  t h e  D.C. vo l t ages  a t  the  four  ga in  a d j u s t  t e s t  p o i n t s ,  TP9, 
TP10, TPl1,and TP12, ranged from -0.70 v o l t s  t o  -0.75 v o l t s ,  wi th  the  sensor 
viewing the  white pa in t .  The c a l i b r a t i o n  procedure s p e c i f i e s  each of these  
vol tages  t o  be equal  t o  -1.25 v o l t s  (AGC o f f ) ,  with a p iece  of white bond 
paper a s  the  t a r g e t  a t  a 14 inches  d i s t ance .  A p iece  of white bond paper was 
found t o  produce about 1.1 v o l t s ,  thus  with the  white p a i n t  t a r g e t  the  
vo l t ages  were each s e t  equal  t o  0.800 v o l t s .  F i n a l  adjustment of the  DC ga in  
c o n t r o l s  were made t o  o b t a i n  these  values  a f t e r  making minor adjustments of 
the  pho toce l l  alignment screws and of t h e  phase t r i m  of the  bandpass 
a m p l i f i e r s  t o  o b t a i n  the  waveforms recommended i n  the  c a l i b r a t i o n  procedure. 
Only smal l  adjustments of the  trim pots  were required t o  trim the  sum and 
d i f f e r e n c e  a m p l i f i e r  o f f s e t s  and the  analog d i v i d e r  c i r c u i t  t o  the  spec i f i ed  
values .  The fo l lowing o f f s e t  values  were obta ined:  
Difference  ampl i f i e r  o f f s e t :  0.001 v o l t  
Sum a m p l i f i e r  off  s e t  : 0.002 v o l t  
Analog d i v i d e r  o f f s e t :  0.000 v o l t  
Sensor output  off  s e t  : 0.010 v o l t  
Note t h a t  no p rov i s ion  i s  made i n  the  c i r c u i t  f o r  the  adjustment of the  sensor 
output  o f f s e t .  About two weeks l a t e r  t h e  o f f s e t s  were wi th in  p lus  or minus 
0.002 v o l t s  of t h e s e  va lues ,  i n d i c a t i n g  good d r i f t  performance i n  a l abora to ry  
environment. 
When the  D.C. pho toce l l  channel s i g n a l s  were reappl ied  t o  the  c i r c u i t  
a f t e r  making the  o f f s e t  adjus tments ,  an o f f s e t  of 0.189 v o l t s  (0.054 inch)  was 
p resen t  on t h e  sensor  output .  Considering t h a t  the  four  inpu t s  t o  the  sum and 
d i f f e r e n c e  a m p l i f i e r s  were equal  t o  w i t h i n  0.002 v o l t s ,  and t h a t  the  
c a l i b r a t i o n  o f f s e t s  g iven above were a l l  l e s s  than 0.010 v o l t ,  t h i s  o f f s e t  i s  
l a r g e r  than expected.  When the  dark-gray su r face  was moved under the  sensor ,  
the  o f f s e t  changed by 0.206 v o l t s ,  from 0.189 t o  0.395 v o l t s .  This i s  about 
the  same change i n  the  sensor  output  observed i n  the  osc i l lograph  i n  Figure 9 
( s e e  r e p o r t )  when the  dark-gray t o  white su r face  was passed under t h e  sensor  
a t  the re fe rence  he igh t  of 14 inches.  The d a t a  presented i n  Table B1 h e l p  
exp la in  these  observat ions .  
Heasured Data and Some Observations. 
Table B1 con ta ins  both measured and ca lcu la ted  values.  The measured 
values a r e  : the  four  photocel l  channel vol tages  (E l ,  E 2 ,  E3, and E4) 
measured a t  t h e  inpu t  t o  the  d i f f e r e n c e  and sum ampl i f i e r s  (TP9, TP10, TP11, 
and TP12); the  d i f fe rence  and sum ampl i f i e r  outputs  (TP13 and TP14); the 
analog d i v i d e r  output (TP17); and the  sensor output.  The measurements were 
made with the AGC on and o f f ,  with the  sensor viewing the  whi te ,  the 
dark-gray, and the  bare  s t e e l  su r faces  of the  drum r o l l e r  from the reference  
height  of 14 inches.  While the  measurements were taken,  the  sensor was l e f t  
i n  one p o s i t i o n  and the  drum was turned t o  br ing the  des i red  s e c t i o n  of the  
t e s t  su r face  i n t o  the  I R  spot .  With t h i s  procedure the  change i n  the  d i s t a n c e  
from the  sensor t o  the  drum sur face  during the  measurement period was equal  t o  
the  runout of the  drum ( l e s s  than 0.003 inch) .  
Observations on t h e  Data. The d a t a  i n  Table B1 show the  following: 
1. The approximate r e f l e c t a n c e  r a t i o  of the  white t o  the  dark-gray surfaces  
i s  8 : l .  The r a t i o  i s  found from the  measured pho toce l l  vol tages  f o r  the  
white and dark-gray su r faces  with the  AGC o f f .  
2. S t a t i c a l l y ,  the  AGC reduces the  white t o  dark-gray r e f l e c t a n c e  r a t i o  t o  an 
e f f e c t i v e  value of about 1.8:1. This r a t i o  i s  found from the  measured 
pho toce l l  vo l t ages  with the  AGC on. 
3. Turning the  AGC on r e s u l t s  i n  a  smal l  decrease  i n  the  four  photocel l  
channel outputs  on the  white s u r f a c e ,  but  they remain equal  and the  sensor 
output does not  change. 
4. Turning the  AGC on r e s u l t s  i n  a  l a r g e  inc rease  i n  the  four  photocel l  
channel outputs  on the  dark-gray surface  and a  small  change on the  sensor 
output.  
Table B1 --
Measured and Calcula ted  Sensor Signals .  
Surf ace  : white  -
AGC : ON OFF -
Signal  
Measured Values : 
c e l l  1 .742 .798 
c e l l  2 ,744 .799 
c e l l  3 .743 ,798 
c e l l  4 ,744 -802 
Difference  -.07 1 -.076 
Sum 3.040 3.250 
Dive Out ( A )  -.227 -.227 
( 10xDif f /Sum) 
Output 0 189 189 
dark  gray -
0 N - OFF -
s t e e l  -
ON - OFF -
Calcula ted  Values. Di f f . ,  Sum, and Divider Outputs,  
With Gains = 1.000 
Difference  -.003 -.005 -.033 -.010 -.449 -,624 
Sum 2.973 3.197 1 .691 ,420 3.041 4.200 
Div. ou t  ( B )  -.010 -.015 -. 195 -.238 -1.476 -1.486 
Er ro r  (B-A) .217 .2 11 - 2 5 9  .222 -226 .I97 
Calcula ted  Values. Di f f . ,  Sum, and Divider Outputs, 
With Actual Gains 
Difference  -.054 -.060 -*063 -.017 -.509 -.707 
Sum 3.030 3.258 1.723 .432 3.100 4.281 
Div. ou t  (C) -.I78 -.I84 -.363 -.428 -1.642 -1.651 
Er ro r  (C-A) .039 .043 .089 .032 l 040 .032 
5 .  The four  pho toce l l  outputs  were s e t  equal  on the  white su r face  i n  the  
c a l i b r a t i o n  procedure. When the  dark-gray su r face  i s  moved under the  
sensor the  four  outputs  do not  remain equa l ,  causing the  output t o  change 
by 0.196 v o l t s  with the  AGC on and by 0.206 v o l t s  with the  AGC o f f .  The 
maximum d i f f e r e n c e  between any two photocel l  outputs  i s  about 5 percent .  
This i n d i c a t e s  a  n o n l i n e a r i t y ,  e i t h e r  i n  the  photocel ls  or  i n  the c i r c u i t s  
following the  photocel ls .  
6. Large d i f f e r e n c e s  occur between the  photocel l  outputs  f o r  the  s t e e l  
s u r f a c e ,  causing a  l a r g e  output e r r o r .  This apparent ly  i s  a  r e s u l t  of 
nonuniform d i r e c t i o n a l  r e f l e c t i v i t y  of the  s t e e l  su r face  r e s u l t i n g  from 
minute grooves l e f t  by the  c u t t i n g  t o o l  when the  drum was machined. 
7 .  The ga in  of the  output ampl i f i e r  i s  about -0.85 ( r a t i o  of the  sensor 
output t o  the  d i v i d e r  output) .  
Sum-Difference-Divider Circuit. The f i r s t  s e t  of ca lcu la ted  values 
i n  Table B1 a r e  a  check on the  performance of t h e  sum, d i f f e r e n c e ,  and analog 
d i v i d e r  c i r c u i t s .  These values were ca lcu la ted  from t h e  measured values of 
the  four  pho toce l l  channel ou tpu t s ,  assumming a  ga in  of one i n  the sum and 
d i f f e r e n c e  a m p l i f i e r s  t o  each of the  four  inpu t s .  Comparison of the  measured 
and ca lcu la ted  values  show smal l  but s i g n i f i c a n t  d i f f e r e n c e s .  Errors  on the  
d i f f e r e n c e  ampl i f i e r  outputs  a r e  l a r g e r  than on the  sum a m p l i f i e r  outputs .  
The row marked Error(B-A) i n  the  Table i s  the  d i f f e r e n c e  between the  
ca lcu la ted  d i v i d e r  ouput and the  measured d i v i d e r  output .  This e r r o r  i s  on 
the  order  of 0.220 v o l t s  ac ross  the  board. These r e s u l t s  suggested t h a t  the  
ga ins  of the  sum and d i f f e r e n c e  ampl i f i e r s  a r e  not  equal  t o  one f o r  each of 
the four  inpu t  s i g n a l s  from the  photocel ls .  Therefore,  the  ga ins  of the  
ampl i f i e r s  t o  each of the  inpu t s  were measured. The r e s u l t s  a r e  tabula ted  i n  
Table B2. The sum ampl i f i e r  ga ins  d i f f e r  by about 0.1 pe rcen t ,  however the  
d i f f e r e n c e  ampl i f i e r  ga ins  t o  the  channel 2  and channel 4 inpu t s  a r e  about 3 . 3  
percent  l a r g e r  than the  ga ins  t o  the  channel 1  and channel 3 inpu t s .  
Table B2 --
Measured Sum and Difference Amplifier Gains 
Channel Sum amp. Gains - Difference  Amp. Gains 
1  1.019 0.999 
2  1.020 1.034 
3 1 e019 1.002 
4  1.020 1.036 
The second s e t  of ca lcu la ted  va lues  of t h e  sum, d i f f e r e n c e ,  and analog 
d i v i d e r  o u t p u t s ,  l i s t e d  i n  Table B1, were ca lcu la ted  us ing the  measured ga in  
values from Table B2. Comparing these  c a l c u l a t e d  values  wi th  the  measured 
v a l u e s ,  we see  t h a t  using the  measured ga in  values  reduces the  e r r o r s .  The 
l a s t  row i n  Table B1, marked Error(C-A), i s  t h e  d i f f e r e n c e  between the  
ca lcu la ted  d i v i d e r  output  (us ing the  measured ga ins  i n  the  c a l c u l a t i o n s )  and 
the  measured d i v i d e r  output .  The e r r o r  has  been reduced from a  nominal value 
of 0.220 v o l t s ,  when a  ga in  of 1.00 was used i n  the  c a l c u l a t i o n s ,  t o  a  nominal 
value  of 0.04 v o l t s  by us ing the  measured g a i n  values  i n  the  c a l c u l a t i o n s ,  
showing t h a t  the  o f f s e t  observed on t h e  sensor output  upon completing the  
c a l i b r a t i o n  procedure i s  p r imar i ly  due t o  the  unequal ga ins  t o  the  four  inpu t s  
t o  the  d i f f e r e n c e  ampl i f i e r .  
Gain e r r o r s  i n  the  d i f f e r e n c e  a m p l i f i e r  a r e  more c r i t i c a l  than i n  the  sum 
a m p l i f i e r  because they a f f e c t  both t h e  o f f s e t  and o v e r a l l  ga in  of the  sensor ,  
whereas ga in  e r r o r s  i n  the  sum a m p l i f i e r  a f f e c t  only the  o v e r a l l  ga in .  The 
e f f e c t  of the  sum and d i f f e r e n c e  a m p l i f i e r  ga in  e r r o r s  on the  sensor 
performance can be evaluated us ing the  equat ion de f in ing  the  sensor ou tpu t ,  
equat ion (61,  developed i n  the a n a l y s i s  s e c t i o n  of t h i s  r e p o r t .  To do t h i s ,  
each of t h e  r e f l e c t i o n  c o e f f i c i e n t s  (R1 through R4) i n  t h e  numerator of 
equat ion ( 6 )  i s  m u l t i p l i e d  by the  corresponding ga ins  of t h e  d i f f e r e n c e  
a m p l i f i e r ,  and each of t h e  r e f l e c t i o n  c o e f f i c i e n t s  i n  t h e  denominator i s  
m u l t i p l i e d  by the  corresponding ga ins  of the  sum ampl i f i e r .  The r e s u l t  is  a  
curve s i m i l a r  t o  those p l o t t e d  i n  Figure 4 of t h i s  r e p o r t .  When equat ion ( 6 )  
i s  evaluated i n  t h i s  way, a s s u m i n g  equal  r e f l e c t i o n  c o e f f i c i e n t s  
(R1=R2=R3=R4) and us ing  t h e  sum and d i f f e r e n c e  a m p l i f i e r  ga ins  l i s t e d  i n  
Table B 2 ,  t he  curve obtained shows an output ( o f f s e t )  of 0.016 f o r  zero input  
(X=O). Except f o r  t h i s  small  o f f s e t ,  unequal d i f fe rence  ampl i f i e r  gains  on 
the  order  3 percent do not have a s i g n i f i c a n t  e f f e c t  on the  opera t ion of the 
sensor.  
Fine Tuning The Color Cancellation. 
Color Cancellation Theory The output of the  I R  sensor was defined -
i n  equation (1)  of t h i s  r e p o r t ,  t h a t  i s  
where El through E4 a r e  the  photocel l  ou tpu t s ,  a f t e r  demodulation, 
a m p l i f i c a t i o n ,  and f i l t e r i n g ,  appearing a t  the  inpu t s  t o  a p e r f e c t  sum, 
d i f f e r e n c e ,  and d i v i d e r  c i r c u i t .  Our ana lys i s  of the  I R  sensor has shown t h a t  
p e r f e c t  co lo r  cance l l a t ion  can be obtained only with the  sensor a t  i t s  
reference  height  (where the  I R  spot  image i s  exac t ly  centered on each 
photocel l  p a i r ) .  Also, the  spot image must have geometric symmetry about the  
c e n t e r  l i n e  ( o r  junc t ion)  of the two photocel ls  i n  each p a i r ,  and the  system 
must be l i n e a r .  For these  cond i t ions ,  a  color  ( su r face  r e f l e c t a n c e )  change 
passing under the  sensor does not cause an output e r r o r .  Even though a l l  four  
photocel l  outputs  change, E l  t r acks  E4 (E1=E4) and E2 t r a c k s  E3 
( E ~ S E ~ )  so  t h a t  the  ne t  output remains zero.  Unfortunately,  p e r f e c t  
t r ack ing  of these  s i g n a l s  i s  not  obtained i n  p r a c t i c e ,  and the  output does 
change with c o l o r ,  even a t  the  reference  height .  The main causes of imperfect  
s i g n a l  t r ack ing  appear t o  be photocel l  n o n l i n e a r i t y  and image spot asymmetry. 
Analysis  and t e s t s  of the  I R  sensor have shown t h a t  the output e r r o r s  due t o  
co lo r  change obtained when the  sensor i s  d isplaced from i t s  reference  height  
a r e  l a r g e  compared t o  those observed a t  the reference  height .  That i s ,  e r r o r s  
a t  the reference  height  a r e  f o r  the  "best  case." Therefore,  improved co lo r  
c a n c e l l a t i o n  a t  the  reference  height  w i l l  s t i l l  l eave  l a r g e  e r r o r s  a t  o t h e r  
he igh t s .  
Piebald -- Disk Method Southwest Research recommends a procedure t o  
optimize co lo r  c a n c e l l a t i o n  using a r o t a t i n g  piebald  d i s k ,  a d i sk  with one 
ha l f  dark and one ha l f  l i g h t .  The d i s k  i s  placed a t  the  four teen inches zero 
r e f e r e n c e  d i s t a n c e  wi th  the  da rk - l igh t  l i n e  on t h e  d i s k  p e r f e c t l y  centered on 
the  I R  spo t  i n  both the  "x and y  d i r e c t i o n s . "  The two pho toce l l  alignment 
screws a r e  adjus ted  t o  ob ta in  quadrature  phasing of the  four  photocel l  s i g n a l s  
( thus  cen te r ing  the  spot  images on the  pho toce l l  p a i r s ) ,  and the  gains  of the  
four  pho toce l l  channels a r e  tweeked t o  minimize t h e  peak-to-peak s i g n a l  
v a r i a t i o n  observed a t  the  sensor  o u t p u t ,  hopeful ly  while maintaining the  
required e q u a l i t y  of channel ga ins  required f o r  optimum sensor  l i n e a r i t y  vs 
displacement from the  re fe rence  he igh t .  Consideration of equat ion ( 6 ) ,  
r e s t a t e d  above, shows t h a t  minimum v a r i a t i o n s  on the  sensor output can be 
obtained f o r  these  t e s t  cond i t ions  even with s i g n i f i c a n t  ga in  d i f f e r e n c e s  
between the  p a i r s  of channels 1 ,2  and 3 , 4 .  A s t r i p  c h a r t  recorder  i s  
recommended f o r  observing the s i g n a l s  while making the  adjustments.  This 
approach has  s e v e r a l  conceptual  f laws:  1)  i t  optimizes the  c a n c e l l a t i o n  a t  the  
re fe rence  he igh t  a t  the  p o s s i b l e  expense of o the r  measures; 2 )  the  r e s o l u t i o n  
of the  s t r i p  c h a r t  recorder  d i s p l a y  i s  inadequate t o  observe the  s i g n a l s  with 
the  p rec i s ion  requ i red ;  and 3 )  i t  i s  d i f f i c u l t  t o  c e n t e r  t h e  d i s k  p r e c i s e l y  a t  
the  c e n t e r  of the  I R  spot .  The l a t t e r  d i f f i c u l t y  a r i s e s  because: 1) t h e  spot  
does not  have sha rp ly  defined edges ; and 2 )  the  I R  viewer does not provide a  
sharp  image. Centering the  spo t  wi th in  f i v e  percent accuracy i s  doubtful .  If 
the  d i sk  i s  not  centered on t h e  I R  s p o t ,  the  optimum c o l o r  c a n c e l l a t i o n  w i l l  
be obtained when the  spot  image i s  s l i g h t l y  off c e n t e r  on each of the  
pho toce l l  p a i r s ,  reducing the  l i n e a r  displacement range and symmetry of the  
sensor  output .  
A New Method A d i f f e r e n t  procedure was t r i e d  f o r  optimizing the  --- 
c o l o r  c a n c e l l a t i o n  with the  sensor a t  the  re fe rence  h e i g h t ,  which yie lded some 
i l lumina t ing  r e s u l t s .  The dark-graylwhite t e s t  su r face  t h a t  was used f o r  the  
q u a s i - s t a t i c  t e s t s  of the  sensor  response t o  co lo r  changes - and descr ibed i n  
the  r e p o r t  - was placed on t h e  m i l l  t a b l e  four teen  inches under the  sensor  
with t h e  IR spo t  on the  white su r face .  After  c a l i b r a t i n g  t h e  sensor on t h i s  
whi te  su r face  fo l lowing the  recommended procedures,  the  su r face  was moved 
h o r i z o n t a l l y ,  br inging the  dark-gray su r face  i n t o  the  I R  s p o t ,  with the  edge 
of the  c o l o r  change moving perpendicular  t o  the  long a x i s  of the  sensor  a s ,  
depic ted  i n  Figure 5c i n  the  repor t .  This d i r e c t i o n  of t r a v e l  produces the  
l a r g e s t  changes i n  the  " e f f e c t i v e "  average su r face  r e f l e c t i v i t y  a s  the  co lo r  
change moves ac ross  the  I R  spo t .  With t h e  AGC turned o f f ,  the  outputs  of t h e  
four  pho toce l l s  (El through E4) were measured a t  the  t e s t  po in t s  a t  the  
input  t o  the sum and d i f f e r e n c e  a m p l i f i e r s ,  and recorded f o r  incremental  
h o r i z o n t a l  moves of t h e  t a r g e t  su r face .  The measured d a t a ,  along with the  
ca lcu la ted  d i f f e r e n c e s  o r  t r ack ing  e r r o r s  between El  and E 4 ,  and between E2 
and E3 ,  a r e  t abu la ted  i n  Table B3. Applying the  s c a l e  f a c t o r s  implemented 
i n  the a c t u a l  sensor ,  the  sensor output  was c a l c u l a t e d f o r  each s e t  of the 
photocel l  output values.  The calcuated sensor output  i s  a l s o  l i s t e d  i n  Table 
B3. 
The maximum value  of the  d i f f e r e n c e  (El-E4) i s  0.070 v o l t s  and of 
(E2-E3) i s  0.066 v o l t s .  These d i f f e r e n c e s  a r e  p o s i t i v e  over the  whole 
range,  wi th  the  exception of t h e  f i r s t  and l a s t  d a t a  po in t s  f o r  E2 and E3., 
Consequently, ad jus t ing  the alignment of e i t h e r  photocel l  p a i r  i n  the  
d i r e c t i o n  t o  decrease  the  t r ack ing  e r r o r  between one s e t  of photocel ls  would 
inc rease  the  t r ack ing  e r r o r  between the  o t h e r  s e t .  For example, adjustment of 
the  alignment screw c o n t r o l l i n g  the  photocel l  p a i r  1  and 2  t o  decrease the  
t r ack ing  e r r o r  (E2-E3) would inc rease  the  t r ack ing  e r r o r  (El-E4). This 
i n d i c a t e s  t h a t  the  sensor h e i g h t ,  t h a t  i s  the  re fe rence  h e i g h t ,  must be 
changed i n  order  t o  ob ta in  c l o s e r  t racking.  An inc rease  i n  t h e  reference  
he igh t  was found t o  be required.  The sensor  was s e t  t o  a  new reference  height  
of four teen  and one e igh th  inches ,  where it was r e c a l i b r a t e d  on the  white 
s u r f a c e  a t  t h i s  he igh t .  The t r ack ing  da ta  obtained a t  t h i s  reference  he igh t  
a r e  t abu la ted  i n  Table B4. The maximum t rack ing  e r r o r  (El-E4) i s  reduced t o  
-0.016 v o l t s  and t h e  maximum t rack ing  e r r o r  (E2-E3) i s  reduced t o  0.021 
v o l t s .  P o s i t i v e  and negat ive  values appear on both t r ack ing  e r r o r s  
i n d i c a t i n g  the  adjustment i s  near optimum. Comparing the  ca lcu la ted  sensor 
ou tpu t s  i n  Tables B3 and B4, the  peak-to-peak output v a r i a t i o n  was reduced 
from 0.719 inches  t o  0.292 inches.  With more tweeking some a d d i t i o n a l  
improvement might be obtained.  
The d a t a  i n  Tables B3 and B4 revea l  another  e f f e c t  t h a t  has a  small  
in f luence  on the  degree of co lo r  c a n c e l l a t i o n  a t  the  reference  height .  
I d e a l l y ,  t h e  output of pho toce l l s  2  and 3  would not s t a r t  t o  change u n t i l  the  
edge of the  c o l o r  s t r i p e  on the  su r face  was ha l f  way ac ross  the  I R  spot .  Yet,  
small changes a r e  seen a s  soon a s  the  co lo r  s t r i p e  e n t e r s  t h e  edge of the  I R  
spot .  This i s  probably due t o  some s c a t t e r i n g  of the  l i g h t  by the  window and 
l e n s  i n  f r o n t  of the  pho toce l l s .  
Table B3 --
Photocel l  Output Tracking and Calcula ted  Divider 
Output Before Fine Adjustment 
Voltage Calcula ted  
Dif f . Diff . Divider 
E l  - - E4 (1-4) - - E2 (2-3) - E 3 0utput.i.n. 
Max. 
Dif f . - Max. Dif f l - Pk to Pk Error  
.7 19 
Table B4 --
Photoce l l  Output-Trackinq and Calcula ted  Divider 
Output Af te r  Fine Adjustment 
Voltage Calculated 
Divider 
0utput. in.  
Dif f . 
(2-3  Diff .  ( 1-4) - 
Max 
Dif f . -
-.016 
Max 
Dif f . -
, 021  
Pk t o  Pk 
Error  
